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DESCRIPTION 

POSIT IVE EL ECTRODE ACTIVE MATER IAL, PRODUCTION METHOD THEREOF 
AND NON-AQUEOUS ELECTROLYTE SECONDARY BATTERY 



Technical Field 

The present invention relates to a positive 
electrode active material and a non- aqueous electrolyte 
secondary battery using the same. 

Background Art 

Non -aqueous electrolyte secondary batteries used as 
power sources for mobile communication devices and portable 
electronic devices in recent years are characterized by high 
potential force and high energy density. Examples of positive 
electrode active materials used for non-aqueous electrolyte 
secondary batteries include lithium cobalt oxide (LiCo0 2 ), 
lithium nickel oxide (LiNi0 2 ), manganese spinel (LiMn 2 0 4 ), etc. 
These active materials have a voltage of not less than 4 V 
relative to that of lithium. On the other hand, a carbon 
material is usually used in the negative electrode, which is 
combined with the above-mentioned positive electrode active 
material to give a 4V level lithium ion battery. 

The need has been increasing for batteries not only 
with high energy density, but also with improved high rate 
characteristics and improved pulse characteristics. 



Charging/discharging at a high rate imposes an increased load 
on the active material, making it difficult to maintain the 
cycle life by conventional techniques. 

Some devices require batteries that have such high 
rate discharge performance and yet exhibit a flat battery 
voltage in the charge /discharge curves. Batteries with a 
positive electrode active material having a layered structure 
such as lithium cobalt oxide (LiCo0 2 ) or lithium nickel oxide 
(LiNi0 2 ) usually exhibit relatively flat S-shaped 
charge/discharge curves. Accordingly, it is difficult to 
maintain a flat charge/ discharge voltage during high rate 
charging/discharging. Since the positive electrode active 
material repeatedly expands and contracts to a great degree in 
the layer direction during charging /discharging, the stress 
resulting therefrom reduces the cycle life particularly at the 
time of high rate charging/discharging. 

The positive electrode active materials are 
recognized to have relatively flat- shaped charge/discharge 
curves. However, from the viewpoint of determination of the 
remaining capacity, they are considered as not suitable for 
determining the remaining capacity because accurate analysis 
in a narrow potential range is necessary. Particularly, when 
lithium is intercalated into the negative electrode during 
charging, the potential of the negative electrode rapidly 
drops to about 0.1 V and, after that, the negative electrode 
absorbs lithium at a given potential. As for the positive 



electrode active materials, since LiMn 2 0 4 having a spinel 
structure in particular exhibits flatter charge and discharge 
curves than lithium cobalt oxide (LiCo0 2 ) and lithium nickel 
oxide (LiNi0 2 ) both having a layered structure, LiMn 2 0 4 is 
considered as not suitable for determining the remaining 
capacity . 

In order to determine the remaining capacity of a 
non- aqueous electrolyte secondary battery, usually, current 
and time other than voltage are detected and a calculation is 
then made in an integrated circuit based on the above 
information to yield the remaining capacity of a battery, 
which is typified by, for example, the method of Japanese 
Laid-Open Patent Publication No. Hei 11-072544. 

In order to monitor the completion of charging, 
Japanese Laid-Open Patent Publication No. 2000-348725 proposes 
to use LiMn 2 0 4 as a positive electrode active material and 
Li 4 Ti 5 Oi 2 and natural graphite as negative electrode active 
materials . This technique enables the monitoring of the 
completion of charging by creating a potential difference in 
the potential of the negative electrode. The reference 
discloses a negative electrode comprising Li 4 Ti 5 Oi 2 whose 
potential persists at 1 . 5 V and natural graphite whose 
potential persists at 0.1 V. 

Now, the following describes a conventionally 
proposed battery system comprising a positive electrode 
containing a conventional positive electrode active material 
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having a spinel structure and a negative electrode containing 
a lithium- containing titanium oxide having a spinel skeleton. 

For example, Japanese Laid-Open Patent Publication 
No. Hei 11-321951 proposes a positive electrode active 
material represented by the formula: Li ( i +x) Mn(2-x-y)My0 2 , where 
0 ^ x ^ 0.2, 0.2 ^ y ^ 0.6, 3.94 ^ z ^ 4.06, and M is nickel 
or a compound composed of nickel as an essential component and 
at least one selected from aluminum and transition elements, 
and a method for synthesizing the positive electrode active 
material without an impurity of NiO. To be specific, a 
mixture comprising a manganese compound and a metal M compound 
is baked at 900 to 1100*0, and the mixture is baked again with 
a lithium compound. 

This method, however, involves a reaction between 
manganese and a metal M, that is, a reaction between solids. 
Accordingly, it is difficult that the above two is 
incorporated uniformly. In addition, since the baking is 
performed at a high temperature of not less than 900*0, 
reactivity with lithium is reduced after the baking, making it 
difficult to obtain the desired positive electrode active 
material . 

Japanese Laid-Open Patent Publication No. Hei 9- 
147867 discloses a positive electrode active material 
comprising an intercalation compound having a spinel crystal 
structure and being represented by the general formula: 
Li x+y M z Mn 2 - y - 2 04 , where M represents a transition metal, 0 ^ x < 1, 
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0 ^ y < 0.33, and 0 < z < 1. The disclosed positive electrode 
active material is capable of charging/discharging at a 
potential of not less than 4.5 V relative to that of Li/Li + . 

Japanese Laid-open Patent Publication No. Hei 7- 
320784 discloses a battery comprising a positive electrode 
containing Li 2 Mn0 3 or LiMn0 2 as an active material and a 
negative electrode containing lithium- intercalated Li 4 /3Ti5/30 4 
or LiTi 2 0 4 as an active material. Japanese Laid-Open Patent 
Publication No. Hei 7-335261 discloses a battery comprising a 
positive electrode containing a lithium cobalt oxide (LiCo0 2 ) 
and a negative electrode containing a lithium titanium oxide 
(Li4/ 3 Ti5/30 4 ) . Further, Japanese Laid-Open Patent Publication 
No. Hei 10-27609 discloses a battery comprising: a negative 
electrode containing, as an active material, lithium, a 
lithium metal, or a lithium- titanium oxide with a spinel- type 
structure; a positive electrode containing, as an active 
material, a lithium-manganese oxide with a spinel- type 
structure (Li 4 / 3 Mn 5 /30 4 ) ; and an electrolyte comprising a 
solvent mixture of not less than two components such as 
LiN(CF 3 S0 2 ) 2 and ethylene carbonate. 

Japanese Laid-Open Patent Publication No, Hei 10- 
27626 discloses to use a lithium-containing transition metal 
oxide (LiA x Bi_ x 0 2 ) as a positive electrode active material and a 
lithium- titanium oxide (Li 4 / 3 Ti 5 /30 4 ) as a negative electrode 
active material, and to set the actual content ratio of the 
negative electrode active material to the positive electrode 
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active material to be not greater than 0-5. Japanese Laid- 
Open Patent Publication No. Hei 10-27627 discloses to use a 
lithium-manganese oxide (Li 4 /3Mn5/30 4 ) as a positive electrode 
active material, and a lithium- titanium oxide (Li 4 /3Ti5/30 4 ) and 
lithium in the negative electrode, and to set the molar ratio 
of the lithium- titanium oxide to the lithium-manganese oxide 
to be not greater than 1.0, and the molar ratio of the lithium 
to the lithium- titanium oxide to be not greater than 1.5. 

Furthermore, Japanese Laid-Open Patent Publication 
No. 2001-243952 discloses a lithium secondary battery 
comprising: a positive electrode containing a positive 
electrode active material represented by the formula: 
Lii- x A x Nii-yMy02, where A is one or more selected from alkali 
metals except Li and alkali earth metals, M is one or more 
selected from Co, Mn, Al, Cr, Fe, V, Ti and Ga, 0^x^0.2, 
and 0.05 ^ y ^ 0.5, and comprising secondary particles formed 
by the aggregation of primary particles with a mean particle 
size of not less than 0.5 um; and a negative electrode 
containing, as a negative electrode active material, a 
lithium- titanium composite oxide represented by the formula: 
Li a Ti b 0 4 , where 0.5 < a < 3, and 1 ^ b ^ 2.5. 

Still furthermore, Japanese Laid-Open Patent 
Publication No. 2001-210324 discloses a battery comprising: a 
positive electrode containing, as a positive electrode active 
material, a lithium-manganese composite oxide represented by 
the composition formula: Li 1+x M y Mn 2 -x-y0 4 - z , where M is one or 
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more selected from Ti, V, Cr, Fe, Co Ni, Zn, Cu # W, Mg and Al, 
0^x^0.2, 0 ^ y < 0 . 5 , and 0 ^ z < 0 . 2 , having a half peak 
width of the (400) peak of not less than 0.02 0 and not 
greater than 0.1 0 {9 is an angle of diffraction) obtained 
from a powdered X-ray diffraction using CuKa radiation, and 
whose primary particles are octahedron in shape; and a 
negative electrode containing, as a negative electrode active 
material, a lithium- t it anium composite oxide represented by 
the composition formula: Li a Ti b 0 4 , where 0.5 ^ a ^ 3.1, and 
1 ^ b ^ 2.5. 

Some of the conventional techniques, however, cannot 
completely solve the above-mentioned problems such as 
improving high rate characteristics and pulse characteristics. 
For example, charging /discharging at a high rate imposes an 
increased load on the active material to cause structural 
damage, thus making it difficult to maintain the cycle life. 
In addition, since a lithium cobalt oxide and a graphite 
material, both having a layered structure, repeatedly expand 
and contract to a great degree in the layer direction during 
charging/discharging, a stress is given to the active material 
and an electrolyte exudes from between electrodes, thus 
reducing the cycle life particularly at the time of high rate 
charging/discharging. Accordingly, in order to extend the 
cycle life of such batteries, it is important to prevent the 
expansion and contraction of the active material. 

Batteries used as power sources for electronic 
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devices preferably exhibit a flat -shaped discharge curve, and 
are required to exhibit a flat voltage even during such high 
rate discharging. However, batteries currently in practical 
use exhibit either an S- shaped discharge curve in which the 
voltage gradually decreases, or a flat discharge curve in 
which the battery voltage suddenly decreases at the end of 
charging. The former has the problem that it should have a 
flatter voltage although it is not difficult to monitor the 
remaining capacity thereof. In the case of the latter, on the 
other hand, the voltage difference is extremely small until 
the end of discharging, so that it is very difficult to 
monitor the remaining capacity of the battery. Accordingly, 
obtaining a battery whose remaining capacity can be moderately 
monitored remains one of the problems . 

In view of the above, an object of the present 
invention is to solve these problems. To be specific, an 
object of the present invention is to provide a non-aqueous 
electrolyte secondary battery with improved rate 
characteristics, improved cycle life, improved safety and 
improved storage life designed by optimizing the composition 
and crystal structure of a positive electrode active material, 
a method for synthesizing the above, the selection of battery 
systems, an electrolyte, current collector materials for 
positive and negative electrodes, a separator, the content 
ratio between positive and negative electrode active materials, 
and the like. The present invention further provides a non- 
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aqueous electrolyte secondary battery containing a positive 
electrode active material having flat charge /discharge curves 
and whose remaining capacity can be easily monitored by 
deliberately creating a voltage difference at the end of 
discharging. 

Disclosure of Invention 

1. Positive electrode active material 

The present invention relates to a positive 
electrode active material represented by the composition 
formula: Li 2±0 [Me] 4 0 8 - x , where 0 ^ a < 0.4, 0 ^ x < 2, and Me is 
a transition metal containing Mn and at least one selected 
from the group consisting of Ni, Cr, Fe, Co and Cu, the 
material exhibiting topotatic two -phase reactions during 
charge and discharge. 

The phase of the transition metal preferably has a 
2X2 superlattice in the positive electrode active material. 

It is preferred that the ratio between Mn and other 
transition metal is substantially 3:1 in the positive 
electrode active material. 

It is preferred that the positive electrode active 
material has a spinel-framework- structure with space group 
symmetry of Fd3m in which Li and/or Me locate at the 16(c) 
sites . 

The difference between the charge and discharge 
potentials of the positive electrode active material is 
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preferably 0.2 to 0.8 V. 

The positive electrode active material preferably 
has a lattice constant attributed to a cubic crystal of not 
greater than 8.3 A. 

Preferably, the positive electrode active material 
is not only in the form of an octahedral shape. In other 
words, the positive electrode active material particles are 
preferably in the form of icositetrahedron, rhombic 
dodecahedron, or tetradecahedron with 8 hexagons and 6 
quadrangles . 

The positive electrode active material preferably 
comprises a mixture of crystal particles with a particle size 
of 0.1 to 8 /xm and secondary particles of the crystal 
particles with a particle size of 2 to 30 /xm. 

2. Method for producing positive electrode active material 

The present invention relates to a method for 
producing a positive electrode active material comprising: (1) 
a step of mixing Mn and a compound containing at least one 
selected from the group consisting of Ni, Cr, Fe, Co and Cu to 
give a raw material mixture; or a step of synthesizing a 
eutectic compound containing a Mn compound and at least one 
selected from the group consisting of Ni, Cr, Fe, Co and Cu; 
(2) a step of mixing the raw material mixture or eutectic 
compound with a lithium compound; and (3) a step of subjecting 
the compound obtained by the step (2) to a first baking at a 
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temperature of not less than 600*0, whereby a positive 
electrode active material represented by the formula: 
Iii2±a[Me] 4 0 8 -x* where 0 ^ a < 0.4, 0 ^ x < 2, and Me is a 
transition metal containing Mn and at least one selected from 
the group consisting of Ni, Cr, Fe, Co and Cu, said material 
exhibiting topotatic two-phase reactions during charge and 
discharge is obtained. 

The first baking is preferably performed at a 
temperature of not less than 900°C. 

The production method preferably comprises a step of 
performing a second baking at a temperature lower than that of 
said first baking after said first baking. 

In this case, the second baking is preferably 
performed at a temperature of 350 to 950*0. 

More preferably, the second baking is performed at a 
temperature of 650 to 850°C. 

Still more preferably, the production method further 
comprises a step of rapidly cooling the positive electrode 
active material after the first baking and/or the second 
baking . 

The rapid cooling is preferably performed at a 
temperature decrease rate of not less than 4.5 'C/min, more 
preferably at a temperature decrease rate of not less than 
10 O/min. 

The rapid cooling is preferably performed until the 
temperature reaches room temperature. 
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3. Non-aqueous electrolyte secondary battery 

The present invention further relates to a non- 
aqueous electrolyte secondary battery comprising a positive 
electrode containing the above -described positive electrode 
active material, a negative electrode containing a titanium 
oxide, a non-aqueous electrolyte and a separator, 
characterized in that the battery has a practical 
charging/discharging region of 2.5 to 3.5 V and a practical 
average voltage of 3V level. 

The titanium oxide preferably has a spinel structure. 
The titanium oxide is preferably Li 4 Ti 5 Oi 2 - 
The non- aqueous electrolyte secondary battery has a 
potential difference of 0.2 to 0.8 V in an operating discharge 
voltage . 

The positive and negative electrodes preferably have 
a current collector made of aluminum or an aluminum alloy. 

The non-aqueous electrolyte preferably comprises at 
least one selected from the group consisting of propylene 
carbonate, r -butyrolactone, r - valerolactone , methyl diglyme, 
sulfolane, trimethyl phosphate triethyl phosphate and 
methoxymethylethyl carbonate. 

The separator is preferably made of non-woven fabric. 

The non-woven fabric preferably comprises at least 
one selected from the group consisting of polyethylene, 
polypropylene and polybutylene terephthalate . 
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The weight ratio of the negative electrode active 
material to the positive electrode active material is 
preferably not less than 0 . 5 and not greater than 1.2. 

Brief Description of Drawings 

FIG. 1 shows graphs illustrating the electrochemical 
characteristics of positive electrode active materials 
obtained by baking the mixture of a eutectic compound and a 
lithium compound in air at temperatures of lOOC^C (a) , 900t: (b) , 
800T: (c), 700T; (d) and 600X: (e) for 12 hours (first baking). 

FIG. 2 shows the TG curve ( thermogravimetric 
analysis) of a positive electrode active material after the 
first baking. 

FIG. 3 shows the charge /discharge curves of a 
positive electrode active material in accordance with the 
present invention obtained by the first baking at 1000T: for 12 
hours and then the second baking at 100X^ for 48 hours. 

FIG. 4(a) shows the SEM image of a positive 
electrode active material in accordance with the present 
invention in cross section and FIG. 4(b) shows the SEM image 
of a conventional positive electrode active material in cross 
section. 

FIG. 5 shows the SEM image of positive electrode 
active material particles produced under the conditions of 
Case 1. 

FIG. 6 shows the SEM image of positive electrode 
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active material particles produced under the conditions of 
Case 2. 

FIG. 7 shows the SEM images of positive electrode 
active material particles produced under the conditions of 
Case 3. 

FIG, 8 shows the SEM images of positive electrode 
active material particles produced under the conditions of 
Case 4 . 

FIG. 9 shows the X-ray diffraction patterns of the 
positive electrode active materials in accordance with the 
present invention produced at different temperatures in the 
first baking. 

FIG. 10 shows the FT-IR analysis results of the 
positive electrode active materials in accordance with the 
present invention produced at different temperatures in the 
first baking. 

FIG. 11 shows the X-ray diffraction patterns of the 
positive electrode active materials in accordance with the 
present invention produced under various different conditions. 

FIG. 12 shows the FT-IR analysis results of the 
positive electrode active materials in accordance with the 
present invention synthesized under various different 
conditions . 

FIG. 13 shows a graph illustrating the occupancy of 
elements in each of the atomic sites of the crystal structure 
of a positive electrode active material in accordance with the 
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present invention. 

FIG. 14 shows the lattice constant change of a 
positive electrode active material produced through a rapid 
cooling . 

FIG. 15 shows the X-ray diffraction patterns of the 
positive electrode active material in accordance with the 
present invention during charging/discharging. 

FIG. 16 shows the lattice constant change of a 
positive electrode active material during charging/discharging. 

FIG. 17 shows the charge/discharge behavior of a 
battery system in accordance with the present invention. 

FIG. 18 shows the cycle life of a battery system in 
accordance with the present invention until 200 cycles. 

FIG. 19 shows the rate capability of a battery 
system with load in accordance with the present invention. 

FIG. 20 shows the high rate discharge 
characteristics (without a difference) of a battery system in 
accordance with the present invention. 

FIG. 21 shows the expansion and contraction during 
charging/discharging measured by a dilatometer. 

FIG. 22 shows the electrochemical behaviors of the 
positive electrode active materials in accordance with the 
present invention produced through a rapid cooling. 

FIG. 23 shows the discharge behavior of a battery 
system in accordance with the present invention. 

FIG. 24 shows the high rate characteristics of a 
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battery system in accordance with the present invention. 

FIG. 25 shows the pulse discharge characteristics of 
a battery system in accordance with the present invention. 

FIG. 26 shows a front view, in vertical cross 
section, of a cylindrical battery produced in examples of the 
present invention. 

Best Mode for Carrying Out the Invention 

The present invention can provide a non- aqueous 
electrolyte secondary battery with a flat charge/discharge 
voltage, excellent high rate characteristics and excellent 
cycle life by optimizing design matters such as a new 
composition of a positive electrode active material, a new 
method for synthesizing a positive electrode active material, 
materials for battery elements other than a positive electrode 
active material, and the content ratio between positive and 
negative electrode active materials. 

If an appropriate battery system is designed using a 
positive electrode active material of the present invention, a 
potential difference can be freely created at around the end 
of discharging. Thereby, it is possible to accurately 
determine the remaining capacity of a non -aqueous electrolyte 
secondary battery in accordance with the present invention, 
and to add an alarm function that accurately informs a loss of 
power capacity. 

Since a positive electrode active material in 
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accordance with the present invention exhibits a flat -shaped 
discharge curve, by using, for example, Li 4 Ti 5 Oi 2 which 
exhibits a flat -shaped discharge curve in the negative 
electrode, it is possible to obtain a battery that exhibits a 
flat-shaped discharge curve desirable for electronic devices. 

In addition, since such battery in accordance with 
the present invention provides a voltage of 3V level, it can 
be utilized in devices such as cameras, digital cameras, game 
machines, portable MD players and headset stereos instead of a 
conventional lithium primary battery or a conventional 
combination of two dry batteries, whereby remarkable effect is 
obtained . 

1 . Synthesis of positive electrode active material of the 
present invention 

The present invention relates to a positive 
electrode active material represented by the composition 
formula: Li 2±a [Me] 4 0 8 . xr where 0 ^ a < 0.4, 0 ^ x < 2, and Me is 
a transition metal containing Mn and at least one selected 
from the group consisting of Ni, Cr, Fe, Co and Cu, the 
material exhibiting topotatic two-phase reactions during 
charge and discharge. The composition formula preferably 
satisfies 0 ^ x < 1.3. 

The following explains a positive electrode active 
material in accordance with the present invention using 
Li[Nii /2 Mn 3 /2]04 as a representative example. It is to be 
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understood that the explanation can also be applied to a 
positive electrode active material with a different 
composition within the scope of the aforesaid formula, 

Li[Nii/2Mn 3/ 2]04 can be synthesized by mixing raw 
materials such as an oxide containing constituent elements, a 
hydroxide and/or a carbonate at a desired composition to give 
a mixture, which is then baked (first baking). In this case, 
however, it is necessary to make the particles of the 
materials all the same size and to thoroughly mix them in 
order to achieve a uniform reaction. Besides, the synthesis 
requires an advanced powder technology. 

At the same time, Li[Nii/ 2 Mn 3 /2]04 can also be 
synthesized by coprecipitating nickel and manganese in an 
aqueous solution in the form of hydroxide or carbonate. In 
this case, the synthesis can be relatively easily performed 
because it is possible to uniformly disperse nickel and 
manganese, both of which are unlikely to be dispersed, in the 
particle beforehand. 

Accordingly, in the examples of the synthesis 
thereof described below, an eutectic compound obtained as a 
hydroxide is used and lithium hydroxide is used as a lithium 
compound. After they are thoroughly mixed, the obtained 
mixture is baked (first baking). It is also possible to 
ensure the reaction by forming the mixture of hydroxide 
obtained through a eutectic reaction and lithium hydroxide 
into pellets. 
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FIG. 1 shows graphs illustrating the electrochemical 
characteristics of the positive electrode active materials 
obtained by baking the mixture of the eutectic compound and 
the lithium compound in air at temperatures of 1000*0 (a), 
900t: (b), 800*0 (c), 700O (d) and 600T: (e) for 12 hours (first 
baking ) . Specifically , [ Ni 1/4 Mn 3 /4 ] ( OH ) 2 obtained through a 
eutectic reaction and LiOH • H 2 0 were thoroughly mixed to give a 
mixture, which was then formed into pellets and the resulting 
formed product was baked to give a Li[Nii/ 2 Mn3/2]0 4 . 

A test cell was produced as follows and the 
electrochemical characteristics thereof were measured. 

First, 80 parts by weight of Li[Ni 1/2 Mn 3 /2]04, 10 
parts by weight of acetylene black as a conductive agent and 
10 parts by weight -of— polyvinylidene fluoride (PVdF) as a 
binder were mixed to give a mixture, which was then diluted 
with N-methyl-2-pyrrolidone (NMP) to give a paste. The paste 
was applied onto a current collector made of aluminum foil. 
The current collector with the paste applied was dried in a 
vacuum at 60*0 for 30 minutes, which was then cut into 15 mm X 
20 mm pieces. Subsequently, the cut piece of current 
collector was further dried in a vacuum at 150*0 for 14 hours 
to give a test electrode. 

A counter electrode was produced by attaching a 
lithium metal sheet on a stainless steel. As a separator, a 
porous film made of polyethylene was used. An electrolyte 
solution was obtained by mixing ethylene carbonate (EC) and 
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dimethyl carbonate (DMC) in a volume ratio of 3:7, and 1.0 M 
of LiPF 6 was then dissolved in the obtained solvent mixture* 

The test electrode, the separator and the metal 
lithium were stacked in this order. After the electrolyte 
solution was fed thereinto, the stack was clamped between 
holders made of stainless steel by applying an appropriate 
pressure from outside to give a test cell. The obtained test 
cell was repeatedly charged and discharged between 3.0 to 5.0 
V at a current density of 0.17 mA/cm 2 . 

As is apparent from FIG. 1, the positive electrode 
active materials obtained by baking at any of the temperatures 
had a high discharge voltage of 4.6 to 4.8 V relative to that 
of lithium metal and a discharge capacity of about 125 mAh/g. 
It also shows that the higher the baking temperature was, the 
more excellent the polarization characteristics were. 

It is also clear that the voltage difference at 
around 4 V regularly increased as the baking temperature was 
increased. The present invention exploits such phenomenon to 
provide a battery suitable for electronic devices and whose 
remaining capacity can be detected. In other words, it is 
possible to control the desired timing for detecting the 
remaining capacity by changing the baking temperature. The 
difference appeared at around 4 V, and the range was 0.2 to 
0.8 V, which was not as remarkable a change as several V. 
Accordingly, if a battery with such a difference is used in an 
electronic device, such trouble as the shutdown of the power 
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source of the electronic device will not occur. 

As described above, a positive electrode active 
material in accordance with the present invention can be 
produced by mixing a raw material mixture or a eutectic 
compound with a lithium compound, which is then subjected to a 
first baking and subsequently the ambient temperature is 
gradually decreased (gradual cooling). The conditions for the 
first baking and the gradual cooling are as follows. 
First baking Lower limit: 600*0, preferably 900t: 

Upper limit: 1000°C 

Time: 2 to 72 hours 
Cooling rate Lower limit: 4.5 'C/min. 

Upper limit: 10 "C/min. 

2. Control of voltage difference at the end of discharge and 
improvement of polarization characteristics in positive 
electrode active material 

As the baking temperature is higher, the degree of 
the polarization gets smaller as previously stated. In this 
case, however, the range of the 4V region becomes greater. 
Certainly, it is preferred to freely control the range of the 
4V region while the polarization is controlled to be small. 
In order to achieve this object, the present inventors 
extensively studied the synthesis method. 

FIG. 2 shows the TG curve ( thermogravimetric 
analysis) of a positive electrode active material after the 
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first baking. The positive electrode active material used 
here was obtained by baking Li[Nii/ 2 Mn 3 /2]04 at a low 
temperature of 500T;. This positive electrode active material 
was heated with the temperature increased by 50*0 from 700 to 
850^. The positive electrode active material was held at each 
temperature and the temperature was increased stepwise. When 
the temperature was decreased, the temperature was controlled 
in the same manner. The temperature increase rate was lOTVmin. 
and the ambient atmosphere was air. 

In FIG. 2, "a" represents temperature, "b" 
represents weight change when the temperature was increased, 
and w c" represents weight change when the temperature was 
decreased. In FIG. 2, there is observed a random weight 
reduction, which is considered to be due to moisture. In the 
temperature increase from 400 to 1000*C, the weight 
monotonously decreased in the range of 700 to lOOOt^. On the 
other hand, when the weight change when the temperature was 
decreased is observed, the weight was increased (recovered) in 
an amount equal to the amount of weight decreased, following 
the rate of this experiment. It is apparent that the weight 
was almost completely recovered although the rate was slower 
until 700*0. This weight increase is presumed to be because 
oxygen once released at a high temperature returned to the 
positive electrode active material by re-baking (second 
baking), in other words, by reoxidation of the positive 
electrode active material. Accordingly, it suggests that the 
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temperature of the positive electrode active material obtained 
after the first baking is preferably decreased at a rate of 
not greater than 10 °C/min. 

Then, the charge/discharge curves of the positive 
electrode active material obtained by the first baking at 
lOOOt: for 12 hours and then the second baking at 700*0 for 48 
hours are shown in FIG, 3, The results show that the positive 
electrode active material has a charge /discharge capacity of 
about 135 mAh/g, a voltage difference of about 15 mAh/g at 
around 4 V, and excellent polarization characteristics. 

As described above, it is even possible to control 
the voltage difference at around 4 V in the positive electrode 
active material, which is obtained by baking at a high 
temperature of 1000*0 (first baking), by re-baking (second 
baking) the positive electrode active material, for example, 
at a lower temperature of 7000 like the positive electrode 
active material baked at 700*0 as shown in FIG. 1. 

Since the positive electrode active material 
subjected to the first and second bakings has been baked at 
1000*0 once, it possesses grown crystalline particles having no 
micropores and therefore has a high packing density. In 
addition, this positive electrode active material is superior 
in polarization characteristics. 

As described above, from the viewpoint of voltage 
difference and polarization characteristics, the positive 
electrode active material in accordance with the present 
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invention is preferably produced by mixing a raw material 
mixture or a eutectic compound with a lithium compound, which 
is then subjected to the first baking and then the second 
baking. The conditions for the first baking and the second 
baking are as follows. 

First baking Lower limit: 600*0, preferably 900O 

Upper limit: 1000°C 

Time: 2 to 72 hours 
Second baking Lower limit: 350°C, preferably 650O 

Upper limit: 950*0, preferably 850O 

Time: 2 to 72 hours 
From the results and the electrochemical 
characteristics evaluation shown in FIG. 2, it is clear that 
it is preferred that the first baking is performed at 600 to 
1000*0 or more, preferably 900 to 1000O, the temperature is 
rapidly cooled to 350 to 950*0, and then the second baking is 
performed at 350 to 950*0, preferably 650 to 8500. 

It is possible to improve the polarization 
characteristics of the positive electrode active material to 
be obtained and, at the same time, to appropriately control 
the difference that appears at around 4 V in the 
charge/discharge curves. In the above experiment, the 
temperature increase rate during baking was 7.5 O/min. and the 
temperature decrease rate was 4.5 O/min. 

(3) Control of particle morphology of active material 
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When the positive electrode active material is 
applied to a battery, the particle morphology of the positive 
electrode active material is an important factor, and it is no 
exaggeration to state that the control of the particle 
morphology thereof influences the improvement of lithium ion 
batteries currently available in capacity and performance. 

In view of this, the present inventors extensively 
studied the preferred particle morphology of the positive 
electrode active material in accordance with the present 
invention and the control of the particle morphology thereof. 
As previously stated, in the method for producing the positive 
electrode active material in accordance with the present 
invention, it is preferred to perform the first baking at a 
high temperature (not less than 900T;) and then the second 
baking intended for reoxidation. 

Accordingly, a cross -section image of a particle of 
the positive electrode active material in accordance with the 
present invention obtained by the first baking at lOOOt; for 12 
hours and the second baking at 700*0 for 48 hours was taken by 
SEM. The obtained SEM image is shown in FIG. 4(a) 
(magnification: 300000 times). FIG. 4(b) shows an SEM image 
of a positive electrode active material obtained in the same 
manner as the positive electrode active material of FIG. 4(a) 
was obtained, except that the second baking was not performed. 

From FIG. 4, it is clear that the crystalline 
particle of the positive electrode active materials is well 
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grown because they were once baked at 1000*0. It is also clear 
that the particle has no micropores inside thereof, and 
therefore is a particle with a high packing density although 
it is a primary particle with a size of 2 to 3 fim. 

Further, the particle morphology of the positive 
electrode active material (the external shape in particular) 
significantly influences a coating density and a packing 
density when an electrode plate is produced using the positive 
electrode active material. Japanese Laid-Open Patent 
Publication No. 2001-210324 provides a proposal regarding 
particle morphology. Specifically, it teaches that the shape 
of primary particle should be an octahedron. The positive 
electrode active material in accordance with the present 
invention preferably has a shape totally different from an 
octahedral shape, which will be explained below, and therefore 
is obviously different from the above prior art in this regard. 

First, the method for controlling the particle 
morphology is explained using the case of producing 
Li[Nii /2 Mn3/2]04 as a representative example. It is to be noted 
that positive electrode active materials having other 
compositions within the scope of the present invention also 
exhibited a similar tendency, 
(i) Case 1 (FIG. 5) 

The first baking was performed by increasing the 
temperature from room temperature to lOOOt: for about 3 hours 
and holding the temperature at 1000°C for 12 hours. 
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After the first baking, the temperature was decreased from 
lOOOt: to room temperature for 2 hours (cooling rate of 8 t 
/min. ) . 

(ii) Case 2 (FIG. 6) 

The first baking was performed by increasing the 
temperature from room temperature to lOOOt: for about 3 hours 
and holding the temperature at 1000°C for 12 hours. 
The second baking was performed by decreasing the temperature 
from 1000 to 700T: for 30 minutes and holding the temperature 
at 700*0 for 48 hours. 

After the second baking, the temperature was 
decreased from 700*0 to room temperature for 1.5 hours (cooling 
rate of 7.5 'C/min. ) . 

(iii) Case 3 (FIG. 7) 

The first baking was performed by increasing the 
temperature from room temperature to 1000*0 for about 3 hours 
and holding the temperature at 1000*0 for 12 hours. 
After the first baking, the temperature was rapidly cooled 
from 1000*0 to room temperature. 

The second baking was performed by increasing the 
temperature to 700*0 for about 1 hour and holding the 
temperature at 700*0 for 48 hours. 

After the second baking, the temperature was 
decreased from 700*0 to room temperature for 1.5 hours. 

(iv) Case 4 (FIG. 8) 

The first baking was performed by increasing the 
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temperature from room temperature to lOOO't for about 3 hours 
and holding the temperature at 1000*0 for 12 hours. 
After the first baking, the temperature was rapidly cooled 
from 1000*0 to room temperature. 

Roughly classified. Cases 3 and 4 included a rapid 
cooling step while Cases 2 and 3 included a reoxidation 
(second baking) step at 700O. 

FIGs. 5 to 8 show the SEM images of the particulate 
positive electrode active materials produced under the 
conditions of Cases 1 to 4, respectively. As is obvious from 
these SEM images, the particulate positive electrode active 
materials in accordance with the present invention are not in 
the form of an octahedron. Although it is difficult to 
identify such shape, it can be said that the positive 
electrode active materials are in the form of an 
icositetrahedron or rhombic dodecahedron. More specifically, 
it can be said that the positive electrode active materials 
are in the form of a tetradecahedron with 8 hexagons and 6 
quadrangles. In FIGs. 7 and 8, the magnification of (a) was 
1000 times and that of (b) was 30000 times. 

It is clear that the rapid cooling step 
significantly influences the control of the particle 
morphology. The particle boundary of the positive electrode 
active materials obtained form Cases 1 and 2 is sharp whereas 
that of the positive electrode active materials obtained from 
Cases 3 and 4 is curved. This indicates that the boundary 
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became curved by performing the rapid cooling step. 

When the positive electrode active materials 
obtained from Cases 1 to 4 were applied onto electrode plates 
for batteries, the use of the positive electrode active 
material with curved boundary enabled high density filling 
because the fluidity of powder or applied paste was improved. 
As described above, unlike the particles in the form of an 
octahedron proposed by the prior art, the positive electrode 
active material in accordance with the present invention is in 
the form of icositetrahedron or rhombic dodecahedron, more 
specifically, in the form of a tetradecahedron with 8 hexagons 
and 6 quadrangles. Presumably, this particle morphology 
contributes to achieve improved battery characteristics. The 
positive electrode active material in accordance with the 
present invention preferably comprises a mixture of crystal 
particles with a particle size of about 0.1 to 8 fim and 
secondary particles of the crystal particles with a particle 
size of 2 to 30 Mm. 

As described above, from the viewpoint of 
controlling the particle morphology, the positive electrode 
active material in accordance with the present invention is 
preferably produced by mixing a raw material mixture or a 
eutectic compound with a lithium compound, which is then 
subjected to a first baking and a rapid cooling. Additionally, 
a second baking may be performed after the rapid cooling. The 
conditions for the first baking, the rapid cooling and the 
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second baking 



are as follows. 



First baking 



Lower limit: 600O, preferably 900*0 



Upper limit: 1000O 



Time: 2 to 72 hours 



Cooling rate 



10 O/min. or more. 



preferably 20 O/min. or more. 



most preferably 50 O/min. or more 



Second baking 



Lower limit: 350*0, preferably 650O 



Upper limit: 9500, preferably 8500 



Time: 2 to 72 hours 



(4) Crystal structure. X-ray diffraction pattern and FT-IR 
signal of positive electrode active material 



electrode active material in accordance with the present 
invention has a spinel- framework- structure. FIG. 9 shows the 
X-ray diffraction patterns of the positive electrode active 
materials in accordance with the present invention produced at 
different temperatures in the first baking. In FIG. 9, (a) to 
(e) show the X-ray diffraction patterns of the positive 
electrode active materials produced by the first baking at 
6000, 700O, 800O, 900O and 1000O, respectively. The 
composition of the positive electrode active material was 
Li[Nii /2 Mn3/2]04. 

When Miller indices were assigned as cubic crystal 
in the obtained X-ray diffraction patterns, all peaks were 



In terms of crystal structure, the positive 
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able to be assigned as shown in FIG. 9, From FIG, 9, it is 
found that the peaks in the case of the first baking at a high 
temperature are sharper, exhibiting the improvement in 
crystallinity . 

Then, the FT-IR analysis results of the positive 
electrode active material shown by (a) to (e) in FIG. 9 are 
shown by (a) to (e) in FIG. 10. Eight sharp peaks are 
observed in the case (b) of the positive electrode active 
material obtained at 700^, and it is obvious that the peaks 
become broad in both cases of over 700*0 and less than 700*0. 
This indicates that the fist baking at 700*0 is preferred in 
terms of crystal arrangement. 

Regardless of performing the rapid cooling or not, 
almost similar X-ray diffraction patterns can be obtained by 
the second baking. In order to study the crystal structure in 
more detail, the X-ray diffraction patterns of the positive 
electrode active materials obtained from Cases 3 and 4 
described previously were compared. 

FIG. 11 shows the X-ray diffraction patterns of the 
positive electrode active material (a) obtained from the above 
Case 3 and the positive electrode active material (b) obtained 
from the above Case 4, and FIG. 12 shows their FT-IR analysis 
results. The difference between them is whether they were 
subjected to the reoxidation process or not. In view of this, 
the structural analysis of the X-ray diffraction pattern of 
the rapidly cooled sample was performed. As a result, the 
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following has become clear and this is thought to be the cause 
of the effect of the present invention. 

It can be said that the positive electrode active 
material in accordance with the present invention has the 
formula: Li 2 ±a[Me] 4 08-x. where 0 ^ a < 0.4, 0 ^ x < 2, 
preferably 0 ^ x < 1.3, and Me is a transition metal 
containing Mn and at least one selected from the group 
consisting of Ni, Cr, Fe, Co and Cu. In the following, an 
explanation is given using a specific example in which a is 
set to 0 (a = 0) in order to make it easier to understand. 

In the atomic arrangement of the spinel structure 
belonging to the space group symmetry of Fd3m of LiMn 2 0 4 , 
lithium element occupies the 8a sites, a transition metal 
element Me (Mn) occupies the 16d sites and oxygen occupies the 
32e sites. However, the 16c sites are usually vacant. The 
positive electrode active material in accordance with the 
present invention is characterized by arranging an element in 
the 16c sites. 

In other words, in the positive electrode active 
material of the present invention, the control of the voltage 
difference in the above discharge curve is achieved by 
controlling the amount of an element to be present in the 16c 
sites. 

When the X-ray diffraction pattern of the sample of 
the positive electrode active material produced by the first 
baking and the rapid cooling (without the second baking, in 
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other words, without reoxidation) is analyzed, it was found 
that the X-ray diffraction pattern could be well fitted by 
assuming that Me was present in the 8a sites at about 1/5, in 
the 16c sites at 2/5 and in the 16d sites at 7/4. From this, 
it is presumed that the oxygen in the spinel structure leaves 
as the temperature is increased to lOOOt:, thereby the 
transition metal is reduced and considerable amounts of 
lithium element and transition metal element respectively move 
to the 8a sites and 16c sites. Because of this phenomenon, a 
rock- salt -type -structure is formed in a part of the spinel 
structure of the positive electrode active material in 
accordance with the present invention. 

Since the above sample obtained by the first baking 
and the rapid cooling was not subjected to the reoxidation 
process for reinjection of oxygen, it can be represented by 
Li1.2Me2.4O4, judging from the result of the above-mentioned TG 
curve. Me contains Ni and Mn in a ratio of 1:3. 

Further, the X-ray diffraction patterns shown in FIG. 
11 indicate that the rock-salt-type-structures reversibly 
return to the spinel structures by the reoxidation (second 
baking) in the positive electrode active material (a) which 
was obtained by the first baking, the rapid cooling and the 
reoxidation (second baking) at 700*0, and the positive 
electrode active material (c) which was obtained by the first 
baking (lOOOt;), and subsequently the reoxidation (second 
baking) at a lower temperature of 700^. Such flexible crystal 
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structures of the positive electrode active material 
contribute to the stability of the crystal structure in the 
case where a stress is given to the positive electrode active 
material due to high rate charge /discharge cycles; as a result, 
presumably a long life can be achieved. 

Further, in the FT-IR analysis results shown in FIG. 
12, eight peaks are clearly observed in the case of the 
positive electrode active materials (a) and (c) obtained 
through the reoxidation (second baking) process. 

Contrary to the above, the X-ray diffraction 
patterns and FT-IR analysis results of the positive electrode 
active materials obtained simply by the first baking, which 
were reoxidized when the temperature was decreased are 
respectively shown by (b) and (d) in FIGs. 11 and 12. From 
the X-ray diffraction patterns of these positive electrode 
active materials, it seems that these positive electrode 
active materials also have a similar spinel- framework- 
structure to the positive electrode active material obtained 
by the reoxidation (second baking). However, the FT-IR 
analysis results are distinctly different because eight peaks 
cannot be observed clearly. Also, such eight peaks cannot 
theoretically predicted from the local symmetry of the Fd3m of 
the spinel structure. Accordingly, it is possible to identify 
the positive electrode active material in accordance with the 
present invention by the FT-IR analysis results. This method 
is effective in identifying the positive electrode active 
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material whose charge /discharge curves substantially have no 
voltage difference. 

Now, an explanation is given on a and x values in 
the composition formula: Li 2±a [Me] 4 0 8 - x , where 0 ^ a < 0.4, 0 ^ 
x < 2, preferably 0 ^ x < 1.3, and Me is a transition metal 
containing Mn and at least one selected from the group 
consisting of Ni, Cr, Fe, Co and Cu. 

ot value is an element to be changed to control the 
particle growth. If the a value is less than 2 in the 
stoichiometric composition, it is possible to control the 
particle growth during the synthesis, and the surface area is 
likely to be increased. Conversely, if the a value is greater 
than that, it is possible to facilitate the particle growth. 
Accordingly, in the case of designing the particles according 
to the characteristics required for a battery, the particle 
growth can be controlled by changing the composition ratio of 
lithium. The range of the a value is substantially about ±0.4. 
If the range (range of variation) exceeds this value, the 
inherent function of the positive electrode active material 
could be harmed. 

On the other hand, as previously stated, since the 
positive electrode active material obtained by the first 
baking at 1000*0 and the rapid cooling is represented by 
Li1.2Me2.4O4, the x value can be calculated to be 1.33. The x 
can be considered to be 2 because the amount of oxygen returns 
to the stoichiometric composition by reoxidation (second 
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baking). However, the upper limit of the x is practically 1.3. 
In view of these facts, especially the fact that oxygen 
returns by the reoxidation, the present inventors set the x 
range to be 0 ^ x < 1 . 3 . 

Now, the occupancy of each of the atomic sites in 
the crystal structure of the positive electrode active 
material in accordance with the present invention is shown in 
FIG. 13. FIG. 13 is a graph schematically showing that the x 
value versus the occupancy of the elements in each of the 
sites. As shown in FIG. 13, it is possible to freely control 
the voltage difference that appears in the discharge curve by 
introducing each of the elements into each site to effectively 
use originally vacant sites. 

In view of this and the analysis results of XAFS and 
the like together, it is considered that the voltage 
difference in the 4V region is attributed to the 
electrochemical reaction: Mn 3+ Mn 4+ and the voltage 
difference in the 5V (4.7 V) region is attributed to the 
electrochemical reaction: Ni 2+ Ni 4+ . It was found that the 
voltage difference of the above-mentioned two positive 
electrode active material samples obtained through the rapid 
cooling can also be freely controlled by performing the 
reoxidation process a few times after the rapid cooling. 

When identifying the positive electrode active 
material in accordance with the present invention by the X-ray 
diffraction patterns or the unit lattice, the following points 
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are noted from the above explanation. In order to obtain a 
positive electrode active material with little voltage 
difference (i.e. practically almost unobservable voltage 
difference), it is preferable to consider the following points. 

FIG. 14 shows the lattice constant change of the 
positive electrode active material, which is produced through 
the rapid cooling. From this figure, it is concluded that the 
preferred lattice constant is not greater than 8.33 A, more 
preferably not greater than 8.25 A, most preferably not 
greater than 8.2 A. 

From the capacity and the shape of the discharge 
curves, it was found that the most preferred ratio between Mn 
and the other transition metal element was substantially 3:1. 
Although the specific cause thereof is not known, it is 
presumed that, when the ratio is 3:1, the transition metal 
phases in the framework of the spinel structure can form a 
superlattice of [2X2] and this effect has some influence 
thereon. From the electron beam diffraction analysis, 
superlattice spots are observed in this direction, so that the 
formation of the superlattice of [2X2] can be confirmed. 

Although Japanese Laid-Open Patent Publication No. 
Hei 9-147867 provides a description on high voltage positive 
electrode active materials, it only discloses the composition 
and simple structure thereof and there is no disclosure on the 
preferred production method and temperature range. To be 
specific, it only discloses that raw materials are simply 



38 



mixed and then baked, and broad baking temperatures. The 
positive electrode active material in accordance with the 
present invention, on the other hand, has an effect superior 
to the positive electrode active material obtained based on 
such prior art and therefore is a novel material. To freely 
control the particle morphology by the conditions in the 
production method as the present invention suggests is not 
disclosed even in Japanese Laid-Open Patent Publication No. 
Hei 9-147867. 

Looking at the crystal structure in particular, 
Japanese Laid-Open Patent Publication No. Hei 9-147867 states 
that Mn in LiMn 2 0 4 having an ideal spinel structure is 
substituted with a transition metal or Li. This description 
is focused only on 16d sites and the specification clearly 
states, in the body thereof, that the invention differs 
significantly from LiNiV0 4 and the like. This means, in other 
words, that Japanese Laid-Open Patent Publication No. Hei 9- 
147867 describes that atoms are not present in the 8a sites 
and originally vacant 16d sites. 

Contrary to the above, in the present invention, 
these sites are utilized to form a rock-salt-type-structure in 
a part of the positive electrode active material by 
appropriately controlling the conditions for the production 
method, and the structure is intentionally controlled by 
reoxidation (second baking). In short, a rock- salt- type - 
structure and a spinel-framework-structure are allowed to 
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exist in the same crystal, and the ratio thereof is freely 
controlled. Additionally, in the case of the positive 
electrode active material with almost only spinel-framework- 
structures and whose discharge curve does not substantially 
have a voltage difference, the signal for identification is 
whether eight peaks are clearly observed in the FT-IR analysis 
or not. 

(5) Topotactic two-phase reaction 

Batteries that exhibit a flat discharge curve are 
more advantageous for devices to be used. Generally, when the 
charge/discharge reaction of the positive electrode active 
material occurs in one phase, the discharge curve has the 
shape of S according to Nernst's equation. Although 
topotactic two -phase reactions proceed partially in a layered 
structure material such as lithium cobalt oxide or lithium 
nickel oxide, one-phase reactions proceed most of the time. 
Accordingly, a layered structure material inherently exhibits 
an S-shaped discharge curve. For this reason, a significant 
voltage drop occurs with polarization particularly at the end 
of high rate discharging, making it difficult to obtain a flat 
discharge curve. 

When the charging/discharge of the positive 
electrode active material proceeds as two-phase reaction, the 
discharge curve is inherently flat. Accordingly, a positive 
electrode active material having topotactic two-phases 
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throughout the charging/ discharging reaction is preferred. 
FIG. 15 shows the X-ray diffraction patterns of the positive 
electrode active material in accordance with the present 
invention during charging/discharging. In FIG. 15, (a) to (m) 
represent the case of 15 mAh/g, 30 mAh/g, 50 mAh/g, 60 mAh/g, 
70 mAh/g, 75 mAh/g, 80 mAh/g, 90 mAh/g, 100 mAh/g, 105 mAh/g, 
110 mAh/g, 120 mAh/g and 136.3 mAh/g. In FIG. 15, splits are 
observed in the peak changes at (111), (311) and (400), which 
indicates the fact that topotactic two -phase reactions proceed 
in the positive electrode active material. 

In order to facilitate the understanding, the change 
in lattice constant obtained from FIG. 15 when assigned as 
cubic crystal is shown in FIG. 16. The lattice constant in 
the portion where two lattice constants exist is calculated 
assuming that the positive electrode active material has two 
phases . 

FIG. 16 illustrates that the discharge of the 
positive electrode active material in accordance with the 
present invention can be divided into the first half and the 
latter half, and topotactic two-phase reactions proceed in 
either case. In conventional LiMn 2 0 4 with a spinel structure, 
topotactic two-phase reactions proceed in the first half of 
discharging, but one-phase reactions proceed in the latter 
half of discharging. Accordingly, topotactic two-phase 
reactions do not proceed throughout discharging. Unlike the 
conventional material, in the positive electrode active 
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material in accordance with the present invention, topotactic 
two-phase reactions proceed throughout discharging to exhibit 
a flat and extremely good discharge curve. 

(6) 3V level non-aqueous electrolyte secondary battery with 
oxide negative electrode and detection of remaining capacity 

A description is given on the advantage of a non- 
aqueous electrolyte secondary battery in which the positive 
electrode active material in accordance with the present 
invention is used in the positive electrode and a titanium 
oxide having a spinel structure is used in the negative 
electrode. The positive electrode active material in 
accordance with the present invention has a greater reversible 
capacity and better polarization characteristics than a 
conventional 4.5V level spinel-type positive electrode active 
material . 

When Li 4 Ti 5 Oi2 (LitLii/aTis/alCU) is used in the 
negative electrode, a 3V level battery can be obtained. 

Japanese Laid-Open Patent Publication No. 2001- 
210324 proposes the use of a titanium-based oxide in the 
negative electrode. However, the publication only discloses 
in the body thereof a positive electrode active material which 
shows a positive electrode capacity in the potential range of 
4.3 to 3.5 V. This is merely conventional LiMn 2 0 4 or a 
positive electrode active material obtained by adding a trace 
amount of element to LiMn 2 0 4 with the aim of improving the 
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cycle life etc., which differs clearly from the positive 
electrode active material of the present invention with a 
charge/discharge range of 4.7 V- Therefore, the battery 
system disclosed in Japanese Laid-Open Patent Publication No. 
2001-210324 is a 2.5V level battery system. 

The battery system in accordance with the present 
invention, on the other hand, has a practical charge/discharge 
range of 2.5 to 3.5 V, the same range as currently available 
3V level lithium primary batteries. In addition, the battery 
system in accordance with the present invention can be widely 
used because only one battery of the present invention is 
sufficient in devices that requires two dry batteries, and 
thus is advantageous. 

In other words, a battery voltage difference of 0.5 
V between the battery systems appears as an advantage or a 
disadvantage for practical use in the market. The 2.5V level 
battery system of Japanese Laid-Open Patent Publication No. 
2001-210324 does not practically provide a great value. 
Further, Japanese Laid-Open Patent Publication No. Hei 9- 
147867 proposes a positive electrode active material with a 
charge /discharge potential of not less than 4.5 V. It also 
discloses a battery system in which carbon is used in the 
negative electrode, and its object is to realize a lithium ion 
battery with a high voltage of 4.5 V level, which differs from 
an object of the battery system in accordance with the present 
invention. 
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In the positive electrode active material in 
accordance with the present invention, a voltage difference in 
the discharge curve at the end of discharging can be freely 
controlled. This makes it possible to detect the remaining 
capacity if a battery system is appropriately selected. As 
previously stated, batteries that exhibit a flat -shaped 
discharge curve (discharge voltage) are more advantageous to 
electronic devices. This is, however, a disadvantage from the 
viewpoint of detection of the remaining capacity. According 
to the present invention, however, it is possible to design a 
positive electrode active material with a flat -shaped 
discharge curve in which a voltage difference can be freely 
controlled at the end of discharging. 

Therefore, it is advantageous to use Li 4 Ti 5 0i 2 
(Li[Lii/3Ti5/3]0 4 ) as a negative electrode active material 
because the negative electrode preferably has a flat- shaped 
discharge curve. 

The Li 4 Ti 5 0i2 (Li[Lii /3 Ti5/3]0 4 ) and the positive 
electrode active material in accordance with the present 
invention have nearly the same capacity density. Accordingly, 
it is possible to obtain positive and negative electrode 
plates having the same thickness by using them in producing a 
battery. This is also an advantage in terms of battery 
characteristics. In commercially available battery systems 
with LiCo0 2 / graphite or LiMn 2 0 4 / graphite, since the negative 
electrode has a high capacity density, a great difference 
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occurs in thickness between the positive and negative 
electrode plates. This difference leads to a difference in 
diffusion of an electrolyte solution into electrodes. As a 
result, the rate balance between the positive and negative 
electrodes is disturbed, and a load is imposed on either of 
the electrode plates, accelerating the degradation of a 
battery. 

This indicates that it is preferable to produce a 
battery system by combining the positive electrode active 
material in accordance with the present invention and Li 4 Ti 5 Oi 2 

(Li[Lii /3 Ti5/3]0 4 ) . 

The above-mentioned negative electrode active 
material exhibits a flat charge/discharge curve of 1.55 V 
relative to lithium. FIG. 17 shows the charge/discharge 
behavior of the battery system in which Li[Ni 1/ 2Mn 3/ 2]04 is used 
in the positive electrode and Li[Lii /3 Ti5/3]0 4 is used in the 
negative electrode. FIG. 18 shows the cycle life of the 
battery system until 200 cycles. In FIG. 17, the horizontal 
axis represents discharge capacity of the positive electrode 
active material per unit weight. The charge /discharge was 
performed under the conditions of a current density of 0.17 
mA/cm 2 and a constant current charge discharge of between 0 to 
3.5 V. 

As is apparent from FIG. 17, the battery system in 
accordance with the present invention exhibits a flat 
charge/discharge voltage with an average voltage of about 3.2 
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V as well as a voltage difference at the end of discharging. 
By using this voltage difference, it is possible to realize 
the display function that displays an accurate remaining 
capacity or the power off alarm function. This battery system 
has a usable charge /discharge range of 2.5 to 3.5 V, which is 
the same as that of 3V level lithium primary batteries. 

FIG. 19 shows the rate capability of this battery 
system with load. In FIG. 19, (a) to (f ) respectively 
represent discharge behaviors at a current density of 0.1 
mA/cm 2 , 0.17 mA/cm 2 , 0.33 mA/cm 2 , 0.67 mA/cm 2 , 1.0 mA/cm 2 and 
1.67 mA/cm 2 . Also from FIG. 19 , it can be observed that the 
difference clearly appears in the discharge voltage although 
the load is significantly changed. 

Contrary to the above, it is also possible to 
prevent this difference from appearing. FIG. 20 shows an 
example thereof. It is apparent that any clear difference did 
not appear even after the load was increased. The positive 
electrode active material used here was prepared by the first 
baking at 1000*0 and the second baking (reoxidation) at 700*0. 
Additionally, (a) to (e) in FIG. 20 respectively represent 
discharge behaviors at a current density of 0.17 mA/cm 2 , 0.33 
mA/cm 2 , 1.0 mA/cm 2 , 1.67 mA/cm 2 and 3.33 mA/cm 2 . 

The above -de scribed negative electrode active 
material is a zero- strain insertion material that does not 
expand or contract during charging /discharging whereas 
graphite greatly expands and contracts during 
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charging/ discharging. The positive electrode active material 
in accordance with the present invention also does not greatly 
expand or contract during charging/discharging. By using this 
combination, it is possible to design a battery system in 
which the expansion and contraction does not practically occur. 
Accordingly, the degradation in cycle life, rate 
characteristics and temperature characteristics resulting from 
the degradation of active materials and the leakage of 
electrolyte solution outside the battery system due to the 
expansion and contraction is significantly improved. 

FIG. 21 shows the expansion and contraction during 
charging/discharging measured by a dilatometer. The positive 
and negative electrode plates respectively had a thickness of 
60 um and 110 urn, and the thickness change of one stack 
obtained from the combination of one positive electrode plate 
and one negative electrode plate was measured. 

FIG. 21 indicates that the measurement was performed 
with high precision because the expansion and contraction 
appear in response to charging/discharging. The difference 
thereof is about 1 #m, which only accounts for 0.6% of the 
battery. Since it is well known that Li[Lii/ 3 Ti5/3]0 4 of the 
negative electrode is a material with no distortion that does 
not expand or contract at all, even if the change in the 
negative electrode is not taken into consideration, it can be 
said that only a 2% change occurred in the thickness of the 
positive electrode active material. When a conventional 
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LiCo0 2 /graphite type battery is charged, the thickness of the 
positive electrode expands by about 5% and that of the 
negative electrode expands by about 20%; therefore, the degree 
of the expansion and contraction is extraordinarily small in 
the battery in accordance with the present invention. Such 
extremely small expansion and contraction during 
charging /discharging is the main factor for longer cycle life. 
According to the present invention, the cycle life 
particularly when the battery is charged and discharged at a 
high rate is significantly improved, compared to conventional 
battery systems. 

(7) Battery capacity design 

When the capacity load of the battery is designed, 
it is necessary to regulate negative or positive electrode- 
limited capacity of either the positive or negative electrode. 
The capacity load is intentionally designed according to its 
application to the devices to be used, the characteristics of 
the materials to be used or the like. In the 3V level battery 
system in accordance with the present invention , the capacity 
of the negative electrode is preferably regulated. 
Specifically, the ratio (weight) of the negative electrode 
active material to the positive electrode active material 
should be set at not less than 0.5 and not greater than 1.2. 
When the ratio is 1.2, it appears that the positive electrode 
active material is formally regulated. However, since the 
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theoretical charge /discharge capacity of the negative 
electrode active material per gram exceeds that of the 
positive electrode active material per gram, the negative 
electrode active material is practically regulated. 

The following describes the reason why the battery 
system with regulated negative electrode is more preferred. A 
positive electrode usually has a potential of about 4.7 V, but, 
depending on the electrolyte solution to be used, it may have 
poor oxidation resistance. Accordingly, in terms of stability 
of electrolyte solution, it is disadvantageous to perform the 
completion of charging by increasing the potential of a 
positive electrode. Additionally, it is conceivable that, 
when lithium elements are completely removed from the positive 
electrode active material, oxygen is gradually released to 
cause the degradation of the active materials or the oxidation 
of the electrolyte solution due to oxygen, leading to the 
degradation of cycle life and battery characteristics. 

(8) Current collector for positive and negative electrode 
plates 

Lithium ion secondary batteries currently available 
typically use a positive electrode current collector made of 
aluminum and a negative electrode current collector made of 
copper. They are used from the viewpoint of the potential of 
each electrode, and because they are superior in corrosion 
resistance. Japanese Laid-Open Patent Publications No. Hei 9- 
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147867 and No. 2001-210324 explicitly states the use of 
aluminum and copper as positive and negative electrode current 
collectors , respectively . 

The non- aqueous electrolyte secondary battery in 
accordance with the present invention preferably uses aluminum 
or an aluminum alloy in both positive and negative electrodes. 
The reason is as follows. 

First, it is possible to reduce the battery weight 
as well as the cost by using aluminum instead of copper. In 
commercially available battery systems with a negative 
electrode made of graphite, because the potential of graphite 
is as small as 0.2 V or less relative to that of lithium metal, 
it was impossible to use aluminum in a current collector. 
This is because aluminum starts reacting with lithium ions at 
a higher potential than a potential at which the graphite in 
the negative electrode charges and discharges. In the battery 
system in accordance with the present invention, however, the 
charge /discharge potential of the negative electrode is as 
high as 1.5 V. This means aluminum, which does not start 
reacting unless the potential reaches that value or less, can 
be used. Further, when copper is used and the potential of 
the negative electrode is increased due to deep discharge or 
the like, copper ions are leached into the electrolyte 
solution. The copper ions are deposited on the negative 
electrode by recharging before the lithium insertion reaction, 
which inhibits the lithium insertion reaction. As a result. 
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lithium is deposited as metal on the surface of the negative 
electrode in the form of needle-like crystals. This causes 
the deterioration of safety of the battery and the degradation 
of cycle life. The use of aluminum, however, does not cause 
the leach of metal ions or the redeposition. 

When the charger for battery systems having a 
negative electrode with regulated capacity is out of order, 
excessive amount of lithium is supplied to the negative 
electrode by overcharging. In this case, if the negative 
electrode has a current collector made of copper, excessive 
amount of lithium is deposited on the negative electrode. 
Such needle-like crystals of lithium metal deteriorate the 
safety against overcharging of the battery. Aluminum, however, 
has sufficient capability of absorbing lithium. Therefore, 
when aluminum is used for a current collector for the negative 
electrode, lithium metal can be absorbed into the current 
collector without allowing the lithium metal to be deposited 
on the negative electrode during overcharging. As a result, 
the safety against overcharging of the battery will not be 
degraded. 

(9) Non-aqueous electrolyte solution 

The preferred electrolyte solution of the 3V level 
non-aqueous electrolyte secondary battery in accordance with 
the present invention is described. An organic solvent to be 
used as an electrolyte solution possesses a potential window. 
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Potential window is a gauge for oxidation resistance and 
reduction property, and it can be said that the wider the 
potential window is, the more stable the organic solvent is. 
In a typical LiCo0 2 /graphite type non-aqueous electrolyte 
secondary battery, oxidation resistance is required until 
around 4.5V which is the charge/discharge potential of cobalt 
and reduction resistance is required until around 0 V which is 
the charge/discharge potential of graphite (hereinafter, a 
potential relative to lithium metal is referred to as 
"potential"). Accordingly, the use of an organic solvent 
without a potential window that satisfies these requirements 
has been avoided. 

Particularly, in the case of using graphite in the 
negative electrode to improve the reduction resistance, the 
use of a lactone type organic solvent has been regarded as 
difficult. Likewise, the use of propylene carbonate has been 
regarded as difficult because propylene carbonate is also 
decomposed during the charging/ discharging of graphite. These 
solvents are less expensive, have a high dielectric constant 
and therefore are capable of completely dissolving an 
electrolyte solution (salt) and superior in oxidation 
resistance. However, the use thereof is difficult. For the 
same reason, the use of trimethyl phosphate and triethyl 
phosphate is difficult although they are effective in 
extinguishing fire and superior in safety. 

In the battery system in accordance with the present 
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invention, all the above-mentioned solvents with useful 
characteristics can be used. Since the non-aqueous 
electrolyte secondary battery in accordance with the present 
invention use Li 4 Ti 5 Oi 2 (L±[L± 1/3 T± 5/3 ]O a ) in the negative 
electrode instead of graphite, the potential of the negative 
electrode is increased up to 1.5 V, Therefore, the reduction 
resistance which the solvent is required to have is 
significantly reduced. Due to the charge /discharge typical of 
graphite, the solvent such as propylene carbonate that is 
usually decomposed on the surface of the negative electrode 
can be used as an effective solvent. 

Although the potential of the positive electrode is 
increased up to 4.7 V or more, these solvents can be used 
without any problem because the oxidation resistance thereof 
is not less than 5 V. It is considered that solvents superior 
in oxidation resistance such as sulf olane and methyl diglyme 
are suitable for the battery system of the present invention. 
It is also possible to use conventional solvents such as DEC 
(diethyl carbonate), MEC (methyl ethyl carbonate) and DMC 
(dimethyl carbonate) as a diluent for a solvent with high 
viscosity. 

The electrolyte solution that can be used in the 
present invention is not specifically limited, and 
conventional ones such as LiPF 6 , LiBF 4 and a lithium salt of an 
organic anion can be used. In a conventional LiCo0 2 /graphite 
type non- aqueous electrolyte secondary battery, a solvent 
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mixture prepared by diluting EC (ethylene carbonate) having a 
high dielectric constant and extremely high viscosity with a 
solvent with low viscosity has been widely used in order to 
use graphite or to dissolve an electrolyte. For the reasons 
provided above, in the battery system in accordance with the 
present invention, it is possible to select the most suitable 
electrolyte solution according to the characteristics desired 
in the devices to be used without any limitation. 

(10) Separator 

A typical LiCo0 2 / graphite type battery usually uses 
a porous film made of polyethylene or propylene as the 
separator. The separator is fairly expensive because the thin 
porous film is produced by melt -extruding a polymer material, 
which is then rolled in two axial directions. The main reason 
for requiring this film is considered as follows. 

The potential of graphite used in the negative 
electrode is reduced to about the potential at which the 
lithium metal is deposited. This creates various defects. In 
some cases, a trace amount of lithium is partly deposited on 
the graphite surface by rapid charging or charging at a low 
temperature, and in some cases, cobalt or metal impurities are 
leached out by an excessive floating charge and deposited on 
the negative electrode. 

In such cases, in the above-mentioned porous film 
having micropores, needle-like metal deposits can be 
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suppressed by physical force, whereas, in a separator with 
larger micropores such as non-woven fabric, a micro short- 
circuit occurs in a short period of time. Further, separators 
have a shutdown function to suppress the increase of battery 
temperature at the time of overcharging in order to secure the 
safety against overcharging in the case where a charger is out 
of order. The function is to stop the current between 
electrodes by crushing the micropores of a separator when the 
temperature reaches a certain temperature (about 135*0) . For 
the above reason, an expensive porous film has been used in a 
conventional LiCo0 2 / graphite type battery. 

The negative electrode of the battery system in 
accordance with the present invention, on the other hand, has 
a potential of 1.5 V, which is much different from the 
potential at which lithium is deposited. Accordingly, the 
problem described above does not occur. Since lithium is 
absorbed when aluminum is used as a current collector for the 
negative electrode, such problem as metal deposition does not 
arise at all. Additionally, the positive electrode active 
material of the present invention does not contain excessive 
amount of lithium element like a cobalt type positive 
electrode active material, and therefore the battery system 
with the positive electrode active material of the present 
invention is extremely superior. In other words, it is not 
required to have the shutdown function with high precision 
that porous films have. For these reasons, in the battery 
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system of the present invention, it is possible to use a non- 
woven fabric by preferably using a current collector for the 
negative electrode made of aluminum or an aluminum alloy. 

Since a non- woven fabric is capable of retaining a 
large amount of electrolyte, rate characteristics, 
particularly pulse characteristics, can be greatly improved. 
In addition, unlike porous films, an advanced and complicated 
process is not necessary, so that a vast choice of separator 
materials can be obtained and the cost can be made lower. 
Considering its application to the battery system of the 
present invention, it is preferable to use, for example, 
polyethylene, polypropylene, polybutylene terephthalate and 
mixtures thereof as materials for the separator. Polyethylene 
and polypropylene are stable to electrolyte. In the case 
where the strength is required at high temperatures, 
polybutylene terphthalate is preferred. The preferred fiber 
diameter is about 1 to 3 urn. The non- woven fabric whose 
fibers are partly joined by a calendar- rolling technique is 
effective in reducing the thickness or increasing the strength. 

(11) Non-aqueous electrolyte secondary battery 

The following describes other constituent materials 
that can be used in producing a non-aqueous electrolyte 
solution (lithium) secondary battery including the positive 
electrode active material of the present invention. 

As a conductive material in the positive electrode 
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active material mixture used for producing the positive 
electrode in the present invention, any electron conductive 
material can be used without any limitation as far as it does 
not cause any chemical change in the produced battery. 
Examples thereof include graphites such as natural graphite 
(flake graphite and the like) and artificial graphite; carbon 
blacks such as acetylene black, ketjen black, channel black, 
furnace black, lamp black and thermal black; electroconductive 
fibers such as carbon fiber and metal fiber; carbon fluoride; 
powdered metals such as copper, nickel, aluminum and silver; 
electroconductive whiskers such as zinc oxide whisker and 
potassium titanate whisker; electroconductive metal oxides 
such as titanium oxide; and conductive organic materials such 
as polyphenylene derivative. They may be used singly or in 
any arbitrary combination thereof within the scope that does 
not impair the effect of the present invention. 

Among them, particularly preferred are artificial 
graphite, acetylene black and powdered nickel. The amount of 
the conductive material is not specifically limited, but 
preferred amount is 1 to 50 wt%, and more preferred is 1 to 30 
wt%. In the case where carbon or graphite is used, the 
preferred amount is 2 to 15 wt%. 

The preferred binder to be used in the positive 
electrode material mixture of the present invention is a 
polymer with a decomposition temperature of 300*0 or more. 
Examples thereof include polyethylene, polypropylene. 
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polytetrafluoroethylene ( PTFE ) , polyvinylidene fluoride (PVDF), 
t etraf luoroethylene -hexaf luoroethylene copolymer , 
tetraf luoroethylene-hexaf luoropropylene copolymer (FEP) , 
tetraf luoroethylene -perf luoroalkylvinylether copolymer (PFA) , 
vinylidene fluoride -hexaf luoropropylene copolymer, vinylidene 
fluoride-chlorotrif luoroethylene copolymer , ethylene - 
tetraf luoroethylene copolymer (ETFE resin) , 
polychlorotr if luoroethylene (PCTFE), vinylidene fluoride - 
pentaf luoropropylene copolymer , propylene- tetraf luoroethylene 
copolymer, ethylene -chlorotrif luoroethylene copolymer (ECTFE), 
vinylidene fluoride - hexaf luoropropylene - 1 etraf luoroethylene 
copolymer and vinylidene f luoride-perf luoromethylvinylether- 
tetraf luoroethylene copolymer. They may be used singly or in 
any arbitrary combination thereof within the scope that does 
not impair the effect of the present invention. 

Among them, particularly preferred are 
polyvinylidene fluoride (PVDF) and polytetrafluoroethylene 
(PTFE) . 

As a current collector for the positive electrode, 
any electronic conductor can be used without any limitation as 
far as it does not cause any chemical change in the produced 
battery. The materials used for the current collector include, 
for example, stainless steel, nickel, aluminum, titanium, 
various alloys, various carbons, and complexes comprising 
aluminum or stainless steel with the surface treated with 
carbon, nickel, titanium or silver. 
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Particularly, aluminum or an aluminum alloy is 
preferred. The surface of these materials may be oxidized. 
The surface of the current collector may be roughened to have 
concave and convex shape by surface treatment. The form 
thereof may be any form that is used in the field of batteries. 
There are, for example, a foil, a film, a sheet, a net, a 
punched sheet, a lath, a porous sheet, a foam, a molded 
article formed by fiber bundle and non-woven fabric. The 
thickness is not specifically limited, but preferably 1 to 500 
fim. 

As a negative electrode active material (negative 
electrode material) that can be used in the present invention, 
a titanium oxide such as Li4Ti50 12 (Li[Lii/3Ti5/3]04) is 
particularly preferred. By using this negative electrode, it 
is possible to obtain a 3V level battery, to solve 
conventional problems and to greatly improve the battery 
performance as described above. On the other hand, it is also 
possible to use the positive electrode active material in 
accordance with the present invention alone. In this case, 
the following negative electrode can be used. 

As a material for the negative electrode, any 
material capable of absorbing and desorbing lithium ions can 
be used such as lithium, a lithium alloy, an alloy, an 
intermetallic compound, a carbonaceous material, an organic 
compound, inorganic compound, a metal complex and an organic 
polymer compound. They may be used singly or in any arbitrary 
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combination threreof within the scope that does not impair the 
effect of the present invention. 

Examples of the lithium alloy include a Li-Al based 
alloy, a Li-Al-Mn based alloy, a Li-Al-Mg based alloy, a Li- 
Al-Sn based alloy, a Li-Al-In based alloy, a Li-Al-Cd based 
alloy, a Li-Al-Te based alloy, a Li-Ga based alloy, a Li-Cd 
based alloy, a Li- In based alloy, a Li-Pb based alloy, a Li-Bi 
based alloy and Li-Mg based alloy. In this case, the amount 
of lithium is preferably not less than 10 wt%. 

Examples of the alloy and the intermetallic compound 
include a compound comprising a transition metal and silicon, 
a compound comprising a transition metal and tin, etc. 
Particularly, a compound comprising nickel and silicon is 
preferred . 

Examples of the carbonaceous material include coke, 
pyrolytic carbon, natural graphite, artificial graphite, 
mesocarbon microbeads, graphite mesophase particles, gas phase 
growth carbon, virtified carbons, carbon fiber 
( polyacrylonitrile fiber, pitch fiber, cellulous fiber, gas 
phase grown carbon fiber) , amorphous carbon and carbons 
obtained by baking organic materials. They may be used singly 
or in any arbitrary combination thereof within the scope that 
does not impair the effect of the present invention. Among 
them, preferred are graphite materials such as graphite 
mesophase particles, natural graphite and artificial graphite. 

The carbonaceous material may contain, besides 
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carbon, a different compound such as O, B, P, N, S, SiC and 
B 4 C. The amount thereof is preferably 0 to 10 wt%. 

As the inorganic compound, there are, for example, a 
tin compound and a silicon compound. As the inorganic oxide, 
there are, other than a titanium oxide mentioned above, a 
tungsten oxide, a molybdenum oxide, a niobium oxide, a 
vanadium oxide, an iron oxide, etc. 

As the inorganic chalccogenide , there can be used, 
for example, iron sulfide, molybdenum sulfide and titanium 
sulfide . 

As the organic polymer compound, there are, for 
example, polythiophene and polyacethylene . As the nitride, 
there are, for example, cobalt nitride, copper nitride, nickel 
nitride, iron nitride, manganese nitride, etc. 

These negative electrode materials may be combined 
such as carbon and an alloy, or carbon and an inorganic 
compound . 

The carbonaceous material used in the present 
invention preferably has a mean particle size of 0.1 to 60 Mm, 
more preferably 0.5 to 30 Mm. The preferred specific surface 
area is 1 to 10 m 2 /g. Further, graphite with a distance 
between carbon hexagonal planes (d002) of 3.35 to 3.40 A and a 
size of crystallites in c-axis direction (LC) of not less than 
100 A in the crystal structure there of is preferred. 

In the present invention, a negative electrode 
material containing no Li (carbon or the like) can be used 
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since the positive electrode active material contains Li. 
Such negative electrode material containing no Li may contain 
a trace amount of Li (about 0.01 to 10 parts by weight of 100 
parts by weight of negative electrode material) because even 
if part of Li becomes inactive as a result of its reaction 
with the electrolyte, Li can be supplied from the negative 
electrode material. 

In order to incorporate Li into the negative 
electrode active material as described above, for example, 
heated or melted lithium metal may be applied on the current 
collector with the negative electrode material attached 
thereon to impregnate the negative electrode material with Li, 
or Li may be electrochemically doped to the negative electrode 
material in the electrolyte solution by previously adding 
(pressure welding or the like) lithium metal to the electrode 
group . 

As the conductive material in the negative electrode 
material mixture, similar to the conductive material in the 
positive electrode material mixture, any electronic conductive 
material can be used without any limitation as far as it does 
not cause any chemical change in the produced battery. In the 
case of using a carbonaceous material in the negative 
electrode material, the negative electrode material mixture 
may not contain the conductive material because the 
carbonaceous material itself has electron conductivity. 

The binder used in the negative electrode material 
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mixture may be a thermoplastic resin or a thermosetting resin, 
and preferred is a polymer with a decomposition temperature of 
300t: or higher. Examples include polyethylene, polypropylene, 
polytetrafluoroethylene (PTFE), polyvinylidene fluoride (PVDF) , 
styrene-butadiene rubber, tetraf luoroethylene- 
hexaf luoropropylene copolymer (FEP), tetraf luoroethylene - 
perf luoroalkyl vinyl ether copolymer (PFA), vinylidene 
fluoride -hexaf luoropropylene copolymer, vinylidene fluoride - 
chlorotrifluoroethylene copolymer, ethylene - 
tetraf luoroethylene copolymer (ETFE resin) , 
polychlorotrif luoroethylene (PCTFE), vinylidene fluoride- 
pentaf luoropropylene copolymer , propylene- tetraf luoroethylene 
copolymer, ethylene -chlorotrifluoroethylene copolymer (ECTFE), 
vinylidene fluoride - hexaf luoropropylene - t e tr af luoroethylene 
copolymer and vinylidene f luoride-perf luoromethyl vinyl ether- 
tetraf luoroethylene copolymer. Styrene-butadiene rubber, 
polyvinylidene fluoride, styrene-butadiene rubber and the like 
can also be used. 

When a titanium oxide such as Li 4 Ti 5 0 12 
(Li[Lii/3Ti5/3]0 4 ) is used as the negative electrode active 
material, the current collector for the negative electrode is 
preferably made of aluminum or an aluminum alloy for the 
previously-mentioned reason . 

When a negative electrode active material other than 
the above is used, the following can be used. Any electronic 
conductor can be used without any limitation as far as it does 
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not cause any chemical change in the produced battery. As 
materials constituting the current collector, there are used 
stainless steel; nickel; copper; titanium; carbon; copper or 
stainless steel with the surface treated with carbon, nickel, 
titanium, or silver; and an Al-Cd alloy, for example. 
Particularly, copper or a copper alloy is preferred. The 
surface of these materials may be oxidized. The surface of 
the current collector may be roughened by surface treatment . 
As the form of the negative electrode current collector, 
similar to the case of the positive electrode, there are used, 
for example, a foil, a film, a sheet, a net, a punched sheet, 
a lath, a porous sheet, a foam and a molded article formed by 
fiber bundle. The thickness is not specifically limited, but 
the one with a thickness of 1 to 500 urn is preferably used. 

The electrode material mixture may contain a filler, 
a dispersing agent, an ion conducting material, a pressure 
reinforcing agent and other various additives, other than the 
conductive material and the binder. The filler may be any 
fibrous material as long as it does not cause any chemical 
change. Typically used are an olefin polymer fiber such as 
polypropylene and polyethylene, a glass fiber and a carbon 
fiber. The amount of the filler is not specifically limited, 
but preferred is 0 to 30 wt%. 

The positive and negative electrodes used in the 
present invention may have, in addition to the material 
mixture layer containing the positive electrode active 



64 



material or the negative electrode material, a base coat layer 
for enhancing the adhesion between the current collector and 
the material mixture layer, the conductivity, the cycle 
characteristics and the charge /discharge efficiency, and a 
protective layer for mechanically and chemically protecting 
the material mixture layer. The base coat layer and the 
protective layer may contain a binder, conductive particles or 
non- conductive particles. 

As the separator, a non- woven fabric is particularly 
preferred as previously mentioned when a titanium oxide such 
as Li 4 Ti50i2(Li[Lii/3Ti5/3]0 4 ) is used in the negative electrode 
active material. When a negative electrode active material 
other than the above is used, the following can be used. An 
insulating microporous thin film with high ion permeability 
and a certain mechanical strength can be used. The film 
preferably has the function of closing the pores and 
increasing the resistance at a temperature of 80*0 or higher. 
From the viewpoint of the resistance to an organic solvent and 
hydrophobicity, there is used a sheet or a non- woven fabric 
made of polypropylene, polyethylene, an olefin polymer 
prepared by combining the above, or glass fiber. 

The separator preferably has a pore size that does 
not allow the active material, the binder and the conductive 
material separated from the electrode sheet to pass, 
preferably 0.1 to 1 /xm. The thickness of the separator is 
usually 10 to 300 /xm. The porosity is determined in 
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accordance with the permeability of electrons or ions, the 
materials to be used and the film thickness; it is preferably 
30 to 80%. The use of a flame retardant or incombustible 
material such as glass or a metal oxide film further improves 
safety of the battery. 

As the non- aqueous electrolyte solution that can be 
used in the present invention, the electrolyte solution 
previously described is particularly preferred when a titanium 
oxide such as Li 4 Ti50 1 2(Li[Lii / 3Ti5/3]0 4 ) is used in the negative 
electrode active material. When a negative electrode active 
material other than the above is used, the following 
electrolyte solution can be used. 

The electrolyte solution is made of a solvent and a 
lithium salt dissolved in the solvent. The preferred solvent 
is single ester or an ester mixture. Particularly preferred 
are cyclic carbonates, cyclic carboxylic acid esters, non- 
cyclic carbonates and aliphatic carboxylic acid esters. More 
preferred are solvent mixtures containing cyclic carbonates 
and non-cyclic carbonates, solvent mixtures containing cyclic 
carboxylic acid esters, solvent mixtures containing cyclic 
carboxylic acid esters and cyclic carbonates. 

Examples of the above-mentioned solvent and other 
solvent that can be used in the present invention are given 
below . 

As the ester to be used as the non-aqueous solvent, 
there are, for example, cyclic carbonates such as ethylene 
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caxbonate (EC), propylene carbonate (PC), butylene carbonate 
(BC) and vinylene carbonate (VC) , non-cyclic carbonates such 
as dimethyl carbonate (DMC) , diethyl carbonate (DEC), ethyl 
methyl carbonate (EMC), and dipropyl carbonate (DPC), 
aliphatic carboxylic acid esters such as methyl formate (MF), 
methyl acetate (MA), methyl propionate (MP) and ethyl 
propionate (MA) , and cyclic carboxylic acid esters such as 
7 -butyrolactone ( GBL ) - 

As the cyclic carbonate, EC, PC, VC and the like are 
particularly preferred. As the cyclic carboxylic acid ester, 
GBL and the like are particularly preferred. As the non- 
cyclic carbonate, DMC, DEC, EMC and the like are preferred. 
Optionally, aliphatic carboxylic acid esters may also be used. 
The amount of the aliphatic carboxylic acid ester is 
preferably 30% or less of the total weight of the solvent, and 
more preferably 20% or less. 

The solvent of the electrolyte solution of the 
present invention may contain a well-known aprotic organic 
solvent, in addition to the above ester in an amount of 80% or 
more. 

As the lithium salt dissolved in the solvent, for 
example, there are LiC10 4 , LiBF 4 , L1PF 6 , LiAlCl 4 , LiSbF 6 , LiSCN, 
LiCF 3 S0 3 , LiCF 3 C0 2 , Li(CF 3 S0 2 ) 2 , LiAsF 6 , LiN(CF 3 S0 2 ) 2 , LiBi 0 Cl 10 , 
lithium lower aliphatic carboxylate, chloroborane lithium, 
lithium tetraphenyl borate, and imides such as 
LiN(CF 3 SQ 2 ) (C 2 F 5 S0 2 ) , LiN(CF 3 SQ 2 ) 2 , LiN(C 2 F 5 S0 2 ) 2 and 
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LiN(CF 3 S0 2 ) (C4F9SO2) • These salts can be used in the 
electrolyte solution alone or in any combination thereof 
within the scope that does not impair the effect of the 
present invention. Among them, it is particularly preferable 
to add LiPF 6 . 

For the non- aqueous electrolyte solution used in the 
present invention, an electrolyte solution containing at least 
ethylene carbonate and ethyl methyl carbonate, and LiPF 6 as a 
lithium salt, is particularly preferable. An electrolyte 
solution containing GBL as the main solvent is also preferred, 
and in this case, it is preferable to add an additive such as 
VC in an amount of several %, and to use a salt mixture of 
LiBF 4 and LiN(C 2 F 5 S0 2 )2 as the lithium salt instead of LiPF 6 . 

The amount of the electrolyte solution used in the 
battery is not particularly specified, but a suitable amount 
should be used according to the amounts of the positive 
electrode active material and the negative electrode material 
and the size of the battery. The amount of the lithium salt 
to be dissolved in the non -aqueous solvent is not particularly 
specified, but preferred amount is 0.2 to 2 mol/1, and more 
preferably from 0.5 to 1.5 mol/1. 

This electrolyte solution is usually impregnated or 
filled into the separator comprising, for example, a porous 
polymer, glass filter, or non-woven fabric before use. In 
order to make the electrolyte solution nonflammable, a 
halogen- containing solvent such as carbon tetrachloride or 
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chlorotrifluoroethylene may be added into the electrolyte 
solution. Also, a carbon dioxide gas may be added into the 
electrolyte solution in order to confer suitability for high 
t emper at ur e s t or age . 

Instead of the liquid electrolyte, the following 
solid electrolyte can also be used. The solid electrolyte is 
classified into inorganic and organic solid electrolytes. 

As the inorganic solid electrolyte, nitrides of Li, 
halides of Li, and oxysalt of Li are well known. Among them, 
Li 4 Si0 4 , Li 4 SiO 4 -LiI-Li0H, xLi 3 P0 4 - ( l-x)Li 4 Si0 4 , Li 2 SiS 3 , Li 3 P0 4 - 
Li 2 S-SiS 2 and phosphorus sulfide compound are effectively used. 

As the organic solid electrolyte, polymer materials 
such as polyethylene oxide, polypropylene oxide, 
polyphosphazone , polyaziridine , polyethylene sulfide , 
polyvinyl alcohol, polyvinylidene fluoride, 

polyhexaf luoropropylene , and their derivatives, their mixtures 
and their complexes are effectively used. 

It is also possible to use a gel electrolyte 
prepared by impregnating the organic solid electrolyte with 
the above non- aqueous liquid electrolyte. As the organic 
solid electrolyte, polymer matrix materials such as 
polyethylene oxide, polypropylene oxide, polyphosphazone, 
polyaziridine, polyethylene sulfide, polyvinyl alcohol, 
polyvinylidene fluoride, polyhexaf luoropropylene , and their 
derivatives, their mixtures and their complexes, are 
effectively used. In particular, a copolymer of vinylidene 
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fluoride and hexaf luoropropylene and a mixture of 
polyvinylidene fluoride and polyethylene oxide are preferable. 

As for the shape of the battery, any type such as 
coin type, button type, sheet type, cylindrical type, flat 
type and rectangular type can be used. In the case of a coin 
or button type battery, the positive electrode active material 
mixture and negative electrode active material mixture are 
compressed into the shape of a pellet for use. The thickness 
and diameter of the pellet may be determined according to the 
size of the battery. 

In the case of a sheet, cylindrical or rectangular 
type battery, the material mixture containing the positive 
electrode active material or the negative electrode material 
is usually applied (for coating) onto the current collector, 
and dried and compressed for use. A well-known applying 
method can be used such as a reverse roll method, direct roll 
method, blade method, knife method, extrusion method, curtain 
method, gravure method, bar method, casting method, dip method, 
and squeeze method. Among them, the blade method, knife 
method, and extrusion method are preferred. 

The application is conducted preferably at a rate of 
from 0.1 to 100 m/min. By selecting the appropriate applying 
method according to the solution properties and drying 
characteristics of the mixture, an applied layer with good 
surface condition can be obtained. The application of the 
material mixture to the current collector can be conducted on 
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one side of the current collector, or on the both sides 
thereof at the same time. The applied layers are preferably 
formed on both sides of the current collector, and the applied 
layer on one side may be constructed from a plurality of 
layers including a mixture layer. The mixture layer contains 
a binder and an electrically conductive material, in addition 
to the material responsible for the absorbing and desorbing 
lithium ions, like the positive electrode active material or 
negative electrode material. In addition to the mixture layer, 
a layer containing no active material such as a protective 
layer, a base coat layer formed on the current collector, and 
an intermediate layer formed between the mixture layers may be 
provided. It is preferred that these layers having no active 
material contain electrically conductive particles, insulating 
particles, a binder and the like. 

The application may be performed continuously or 
intermittently or in such a manner as to form stripes. The 
thickness, length, and width of the applied layer is 
determined according to the size of the battery , but the 
thickness of one face of the applied layer which is dried and 
compressed is preferably 1 to 2000 /xm. 

As the method for drying or dehydrating the pellet 
and sheet of the material mixture, any conventional method can 
be used. In particular, the preferred methods are heated air, 
vacuum, infrared radiation, far infrared radiation, electron 
beam radiation and low humidity air, and they can be used 
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alone or in any combination thereof. 

The preferred temperature is in the range of 80 to 
350*C, and most preferably 100 to 250^. The water content of 
the battery as a whole is preferably 2000 ppm or less, and the 
water content for the positive electrode material mixture, 
negative electrode material mixture and electrolyte is 
preferably 500 ppm or less in view of the cycle 
characteristics . 

For the sheet pressing method, any conventional 
method can be used, but a mold pressing method or a calender 
pressing method is particularly preferred. The pressure for 
use is not particularly specified, but from 0.2 to 3 t/cm 2 is 
preferable. In the case of the calender pressing method, a 
press speed is preferably from 0.1 to 50 m/min. 

The pressing temperature is preferably from room 
temperature to 200*0. The ratio of the width of the positive 
electrode sheet to that of the negative electrode sheet is 
preferably 0.9 to 1.1, and more preferably 0.95 to 1.0. 

The content ratio of the negative electrode active 
material to the positive electrode material is preferably set 
to the previously-described ratio from the viewpoint of 
regulating the capacity of the negative electrode when the 
positive electrode of the present invention and a negative 
electrode made of titanium oxide are used. However, in the 
case of using the positive electrode active material of the 
present invention alone, although the ratio cannot be 



72 



specified because it differs according to the kind of the 
compound used and the formulation of the mixture, those 
skilled in the art would set an optimum value considering the 
capacity, cycle characteristics and safety. 

The wound electrode structure in the present 
invention is not required to be a true cylindrical shape. It 
may be in any shape such as an elliptic cylinder whose cross 
section is an ellipse or a rectangular column having a 
prismatic shape or a rectangular face. 

In the following, the present invention is described 
using representative examples, but it is to be understood that 
the present invention is not limited to them. 

Experiment 1 

Three different types of positive electrode active 
material samples were prepared under the synthesis conditions 
shown in the above section (3). A mixture obtained by 
thoroughly mixing [Nii /4 Mn 3 /4] (0H) 2 obtained through a eutectic 
reaction and LiOH ■ H 2 0 was formed into pellets , which was then 
baked to give a positive electrode active material. 
Accordingly, the composition of the obtained positive 
electrode active material was Li[Nii/ 2 Mn3/2]0 4 . The amount of 
oxygen was changed according to the synthesis condition. The 
electrochemical analysis of the obtained positive electrode 
active materials was performed in the manner shown in the 
above section ( 1 ) . 
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(i) Production Example 1 

The ambient temperature was increased from room 
temperature to 1000O for about 3 hours, maintained at 1000O 
for 12 hours and then decreased from 1000*0 to room temperature 
for 2 hours - 

(ii) Production Example 1 

The ambient temperature was increased from room 
temperature to 1000*0 for about 3 hours, maintained at 1000°C 
for 12 hours, decreased from 10000 to 7000 for 30 minutes, 
maintained at 700O for 48 hours and then decreased from 700O 
to room temperature for 1.5 hours. 

(iii) Production Example 1 

The ambient temperature was increased from room 
temperature to 1000*0 for about 3 hours, maintained at 1000°C 
for 12 hours and rapidly cooled from 1000O to room temperature. 
Then, the ambient temperature was increased to 700*0 for about 
1 hour, maintained at 700O for 48 hours and decreased from 
700*0 to room temperature for 1.5 hours. 

The electrochemical behaviors of the positive 
electrode active materials obtained in Production Examples 1 
to 3 are shown as (a) to (c) in FIG. 22. Form FIG. 22, it is 
understood that all of the positive electrode active materials 
show small polarization and a flat charge /discharge curve. 
The positive electrode active material (a) of Production 
Example 1 exhibits a voltage difference at the end of 
discharging, which can be utilized for the detection of the 
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remaining capacity. The difference is as small as only 
several V, so that the effective detection of remaining 
capacity can be achieved without the occurrence of a power- 
down due to lack of energy when it is used in a device. The 
positive electrode active material (b) obtained through the 
reoxidation at 70CTC does not show the difference. This shows 
that the voltage difference at the end of discharging can be 
freely controlled in this range by controlling the temperature 
and time of the reoxidation process. Similarly, the positive 
electrode active material (c) obtained through the rapid 
cooling process first and then the reoxidation process does 
not show the difference. This shows that a material with 
enhanced polarization and flatness can be obtained by 
controlling particles as previously stated in the rapid 
cooling process. Additionally, high density filling can be 
achieved . 

The foregoing showed the case of using the 
combination of Ni and Mn. Here, the discharge capacity in the 
case of using transition metals shown in Table 1 was measured. 
The baking was performed under the same conditions as in 
Production Example 3 described above. The ratio of Mn to 
other transition metal was the same as 3:1. The discharge 
capacities obtained from each of the positive electrode active 
materials are shown in Table 1. Table 1 indicates that 
positive electrode active materials with similar 
characteristics were obtained although there were differences 
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in capacity. 

The result for the case where the ratio of Mn to 
other transition metal was 3:1 was the best. When the 
percentage of a transition metal was above or below the above 
ratio, the capacity at a high potential decreased. 



Table 1 



Li[Mei/ 2 Mn 3 /2]04 


Capacity (mAh/g) 


Me = Ni 


130 


Me = Cr 


128 


Me = Co 


120 


Me = Fe 


118 


Me = Cu 


110 



Experiment 2 

A 3V level battery was produced using the positive 
electrode active material in accordance with the present 
invention in the positive electrode and a negative electrode 
active material Li^isO^LitLix/aTis/alOj in the negative 
electrode. The negative and positive electrode plates were 
produced in the same manner, using the same compound ratio. 
As the separator, a 25 urn non-woven fabric made of 
polybutylene terephthalate was used. The electrode area was 
set to 3 cm 2 . As the electrolyte, an organic electrolyte 
solution prepared by dissolving 1 mol of LiPF 6 in a solvent 
mixture of EC and DEC in a ratio of 3:7 was used. The 
positive electrode active material used here was the one 
obtained in the above-mentioned Case 3. 
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FIG. 23 shows the discharge behavior of this battery 
system, and FIG. 24 shows the high rate characteristics of the 
same. FIGs. 23 and 24 illustrate that the battery system of 
the present invention is a 3V level battery with excellent 
polarization characteristics. Further, the potential shape is 
unprecedentedly flat. 

FIG. 25 shows the pulse discharge characteristics. 
In FIG. 25, the pulse characteristics with the same width can 
be seen from the start of discharging to almost the end of 
discharging, which is clearly different from the conventional 
battery which shows gradually increased pulse polarization at 
the end of discharging. Accordingly, it is surmised that the 
potential flatness and excellent polarization characteristics 
like this have resulted from the optimization of the method 
for synthesizing the positive electrode active material and 
the realization of topotactic two-phase reactions throughout 
the discharging. 

Experiment 3 

FIG. 26 shows a front view, in vertical cross 
section, of a cylindrical battery produced in this example. 
An electrode assembly 4 obtained by spirally winding positive 
and negative electrode plates with a separator is housed in a 
battery case 1 . A positive electrode lead 5 attached to the 
positive electrode plate is connected to a sealing plate 2, 
and a negative electrode lead 6 attached to the negative 
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electrode plate Is connected to the bottom of the battery case 
1. The battery case and the lead plate can be formed using a 
metal or alloy with electronic conductivity and chemical 
resistance to organic electrolyte. For example, a metal such 
as iron, nickel, titanium, chromium, molybdenum, copper, 
aluminum, or an alloy made of these metals can be used. In 
particular, the battery case is preferably made of a stainless 
steel plate or a processed Al-Mn alloy plate, the positive 
electrode lead is preferably made of aluminum, and the 
negative electrode lead is preferably made of nickel or 
aluminum. It is also possible to use various engineering 
plastics or the combination of the engineering plastic and a 
metal for the battery case in order to reduce the weight of 
the battery. 

Insulating rings 7 are respectively provided on both 
top and bottom of the electrode assembly 4. Subsequently, an 
electrolyte is charged thereinto, and the battery case is 
sealed with the sealing plate. Here, the sealing plate can be 
provided with a safety valve. Instead of the safety valve, it 
may be provided with a conventional safety device. For 
instance, as an overcurrent -preventing device, fuse, bimetal, 
PTC device or the like is used. Besides the safety valve, as 
a method for preventing the internal pressure of the battery- 
case from increasing, making a notch in the battery case, 
cracking the gasket or the sealing plate, or cutting the lead 
plate can be employed. Alternatively, a protective circuit 
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including means for preventing overcharge and over discharge 
may be contained in a charger, or may be independently 
connected to the battery. 

As the method for welding the cap, the battery case, 
the sheet and the lead plate, any well-known method (i.e. AC 
or DC electric welding, laser welding or ultrasonic welding) 
can be used. For the sealing agent for sealing, a 
conventional compound or mixture such as asphalt can be used. 

A positive electrode plate was produced as follows. 
Ten parts by weight of carbon powder as the electrically 
conductive material and 5 parts by weight of polyvinylidene 
fluoride resin as the binder were mixed with 85 parts by 
weight of powdered positive electrode active material of the 
present invention. The resulting mixture was then dispersed 
into dehydrated N-methylpyrrolidinone to obtain a slurry, 
which was then applied on the positive electrode current 
collector formed from an aluminum foil, followed by drying and 
pressing, and the foil was cut into the specified size. A 
negative electrode plate was produced in the same manner as 
the positive electrode plate was produced except that 
Li 4 Ti50i2(Li[Lii/3Ti5/3]0 4 ) was used instead of the positive 
electrode active material. 

Styrene-butadiene rubber based binder could also be 
used. Although a titanium oxide was used as the negative 
electrode material in the present invention, a negative 
electrode plate could be produced in the following manner when 
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a carbonaceous material was mainly used. A carbonaceous 
material and a styrene- butadiene rubber based binder were 
mixed in a weight ratio of 100:5 to give a mixture and the 
obtained mixture was applied onto the both faces of a copper 
foil, which was then dried, rolled and cut into the specified 
size to give a negative electrode plate. 

As the separator, a non-woven fabric or a 
microporous film made of polyethylene was used. 

An organic electrolyte solution was prepared by 
dissolving LiPF 6 in a solvent mixture of ethylene carbonate 
(EC) and diethyl carbonate in a volume ratio of 3:7 at a 
concentration of 1.0 mol/1. The obtained cylindrical battery 
had a diameter of 14.1 mm and a height of 50.0 mm. 

The use of the positive electrode active material in 
accordance with the present invention makes it easier to alarm 
the remaining capacity. In view of this, the degree of the 
voltage difference at the end of discharging was adjusted by 
the reoxidation temperature. 

Cylindrical batteries analogous to the above were 
produced using Li 4 Ti50 1 2(Li[Li 1 /3Ti5/3]0 4 ) in the negative 
electrode except that only the reoxidation (second baking) 
temperature was changed in the above-mentioned Case 3. These 
batteries were discharged at 1 C rate until the battery 
voltage reached 2.7 V, and the remaining capacity at that 
voltage was measured. Subsequently, the remaining capacity 
when discharged to 2 V was also measured. Table 2 shows the 
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results. The values are shown in the ratio of the remaining 
capacity to the whole battery capacity. 

The results of Table 2 indicate that, in the battery 
system of the present invention, the remaining capacity alarm 
can be easily realized without complicated electronic circuits 
and calculation. At the same time, it is possible to freely 
set the timing of the remaining capacity alarm. 



Table 2 



Reoxidation (second baking) 
temperature ( °C ) 


Remaining capacity 
(mAh/g) 


700 


2.1 


800 


8.4 


900 


15.8 


1000 


17.9 



Experiment 4 

The capacity design of the positive and negative 
electrodes was studied. The cycle life of the cylindrical 
batteries was measured by changing the amount ratio between 
the positive and negative electrode active materials per unit 
area. The results are shown in Table 3. Regarding the 
charge/discharge cycle conditions, the charging was performed 
at a constant voltage of 3 . 5 V and a constant current with the 
maximum current of 1 C, which was completed 2 hours after 
charging. The discharging was performed at a constant current 
of 2 C until the voltage reached 2.0 V. Table 3 shows the 
number of cycles until the remaining capacity was reduced to 
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95% of the initial capacity* Table 3 illustrates that the 
cycle life decreased when the capacity ratio was 1 . 2 or more . 
Accordingly, from the viewpoint of balancing the capacities of 
the positive and negative electrodes, it is preferred to 
substantially regulate the capacity of the negative electrode. 
If the amount of the positive electrode material is increased 
more than necessary, the battery capacity will decrease. 
Therefore, the capacity ratio is preferably 0.5 to 1.2. 



Table 3 



Negative electrode active 
material/Positive electrode 
active material 


Number of cycles until 
the capacity ratio of 95% 
( cycles ) 


0.3 


280 


0.5 


302 


0.8 


305 


1.0 


299 


1.2 


290 


1.5 


260 



Experiment 5 

This example examined the current collector for the 
positive and negative electrodes. When graphite is used in 
the negative electrode, the current collector (core member) is 
usually made of copper because of potential and the like. 

When Li 4 Ti50i2(Li[Lii/3Ti5/3]0 4 ) is used in the negative 
electrode as previous stated, it is possible to use an 
aluminum core member. According to the present invention, it 
was found that this provides the advantage of improving safety 
other than the reduction in weight and cost. The reason for 
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this is as follows. When the battery is overcharged due to 
the failure of a charger or the like, lithium metal is 
deposited on the surface of the negative electrode, which 
causes a lowering of safety. When Li 4 Ti 5 Oi 2 (Li[Li 1/ 3Ti5/3]0 4 is 
used in the negative electrode, the charge/discharge potential 
is as high as 1.5 V, much higher than 0 V at which lithium is 
deposited. However, when copper is used in the core member, 
lithium metal may be deposited on the surface of the negative 
electrode. When aluminum is used, on the other hand, the core 
member absorbs lithium, inhibiting lithium from being 
deposited in the form of lithium metal. Cylindrical batteries 
produced using each of the current collectors shown in Table 4 
were put through an overcharging test, and the highest 
temperature of the battery surface at that time was measured. 
In the overcharging test, the overcharging was performed at a 
constant current of 1.5 C. 

Table 4 indicates that the use of an aluminum core 
member reduced the battery heating at the time of overcharging. 
As describe above, it is possible to produce a lightweight and 
highly safe 3V level battery with low cost by using an 
aluminum core member in the battery system of the present 
invention. 



Table 4 



Material for 
current collector 


Battery surface 
temperature ( *C ) 


Copper 


45 | 


Aluminum 


81 
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Experiment 6 

In this example, the preferred electrolyte solution 
for the battery system in accordance with the present 
invention was examined. 

Batteries in which graphite is used in the negative 
electrode have many limitations regarding the electrolyte. 
Particularly, the use of a lactone type organic solvent has 
been regarded as difficult from the viewpoint of reduction 
resistance. Likewise, the use of propylene carbonate has been 
regarded as difficult because it is also decomposed during the 
charging/ discharging of graphite. These solvents are 
advantageous because they are inexpensive, have a high 
dielectric constant, are capable of completely dissolving an 
electrolyte salt and are superior in oxidation resistance. 
For the same reason, the use of trimethyl phosphate and 
tryethyl phosphate has been regarded as difficult. These 
solvents are effective in extinguishing fire and superior in 
safety. In the present invention, these useful solvents can 
be used. 

Currently, a conventional electrolyte solution is 
prepared based on ethylene carbonate (EC) with extremely high 
viscosity due to the necessity to form a protective film on 
the surface of graphite and to dissolve an electrolyte salt. 
The present invention does not require the EC. Although the 
battery system of the present invention can exhibit a voltage 
as high as 3V, the scope of selection of electrolyte solution 
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can be greatly expanded because graphite is not used in the 
present invention. The preferred electrolyte solutions for 
the battery system of the present invention is shown in FIG. 5. 
In FIG. 5, the capacity obtained by changing the electrolyte 
is indicated in an index where the capacity obtained from the 
conventional electrolyte system is taken as 100. For 
comparison, cylindrical batteries were produced in the same 
manner using lithium cobalt oxide in the positive electrode 
and a graphite material in the negative electrode. The 
evaluation results thereof are also shown in the table. 

It is to be noted that, the indication "EC/DEC 
(3/7)" in the row of solvent mixture means a solvent mixture 
of EC and DEC in a composition ratio of 3:7. The capacity 
obtained from this electrolyte solution was taken as 100 in 
each of the battery systems. 

Table 5 illustrates that the present invention can 
use electrolyte systems that was unable to be used before 
without any problem and provide an inexpensive and highly safe 
battery whereas the conventional battery systems using 
graphite did not exhibit a high capacity at all. Further, it 
is also possible to use a solvent mixture of these solvents or 
a combination of conventionally used solvents. 
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Table 5 



Composition of 

SOJLVdlT. Ill_Lvv L U..L tl 


Electrolyte 

\ oQJL L. ) 


Battery system 
of the present 
invention 


LiCo0 2 /Graphite 
tvne batterv 


EC/DEC (3/7) 


1 M LiPF 6 


100 


100 


GBL 


1 M LiPF 4 


102 


10 


GVL 


1 M LiPF 4 


101 


12 


PC 


1 M LiPF 6 


102 


2 


Methyl diglyme 


1 M LiPF 6 


100 


20 


MethoxyEMC 


1 M LiPF 6 


100 


87 


Trimethyl 
phosphate 


1 M LiPF 6 


98 


18 


Triethyl 
phosphate 


1 M LiPF 6 


97 


20 


Sulfolane 


1 M LiPFfi 


87 


30 


PC/DEC 


1 M LiPF 6 


100 


13 


PC/EMC 


1 M LiPF 6 


100 


12 


GBL/PC 


1 M LiPF 6 


101 


8 



Experiment 7 

In this example, the preferred separator for the 
present invention was examined. 

The battery system of the present invention does not 
require a separator with high functionality such as porous 
film. The use of a non- woven fabric may decrease the safety 
against overcharging because the shutdown function is 
decreased. However, since a non-woven fabric is capable of 
retaining a larger amount of electrolyte than a porous film, 
the improvement in pulse characteristics, in particular, can 
be expected. 

Cylindrical batteries in accordance with the present 
invention were produced in the same manner as above using a 
non-woven fabric made of different kinds of polymer materials 
shown in Table 6. Table 6 shows the pulse discharge 
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characteristics and the highest battery surface temperature 
during overcharging. In the pulse discharge, a simple pulse 
in which a current of 1 A was on for 5 seconds and off for 5 
seconds was performed. The pulse discharge time of the 
battery using the separator shown in Table 6 is indicated in 
an index where the pulse discharge time obtained when a 
conventional PE porous film was used is taken as 100. The 
overcharging was performed at a constant current of 1.5 C. 

Table 6 indicates that, the battery systems in 
accordance with the present invention can greatly improve the 
pulse discharge time by using the non-woven fabric while the 
safety against overcharging analogous to conventional ones is 
maintained. It is also apparent that the voltage decrease due 
to pulse current can be enhanced by using the non-woven fabric. 



Table 6 



Separator 
Material 


Pulse time 
index 


Battery surface 
temperature ( *C ) 


Polyethylene porous film 


100 


42 


Polyethylene non-woven fabric 


178 


45 ! 


Polypropylene non- woven fabric 


180 


46 


Polybutylene terephthalate 
non -woven fabric 


181 


50 



Industrial Applicability 

According to the battery system of the present 
invention, it is possible to greatly improve the balance of 
the flatness of discharge voltage, the high rate discharge 
characteristics, the pulse characteristics and the cycle life 
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during the high rate charging/discharging. In the above 
examples, the secondary battery of the present invention was 
described on the premise that it would be used for a portable 
device. However, the present invention is applicable to a 
power source for electric tools which strongly demand the 
charging/ discharging at a high rate and the cycle life during 
the high rate charging/ discharging, and to a large battery of 
driving system which can be used as a power source for hybrid 
cars and electric vehicles. 

According to the present invention, an inexpensive 
nickel-manganese composite oxide which exhibits flat high 
voltage can be effectively used as a positive electrode active 
matrerial, and by using a titanium oxide in the negative 
electrode, it is possible to provide a 3V level non-aqueous 
secondary battery with excellent high rate characteristics and 
good cycle life. 



